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CHAPTER I 
 
INTRODUCTION 
 
Overview 
The ability of cells to ingest foreign particles and other cells has been known since the late 1800s 
when Ilya Metchnikov first discovered the process.  After observing starfish larvae ingesting 
microorganisms, he realized that white blood cells can perform the same function on bacteria. 
He called these white blood cells “phagocytes,” from the Greek “phagein” meaning to eat or 
devour. Since then, mobile phagocytes have been extensively studied in their role as 
professional garbage disposals, with the primary objective to remove cell corpses and 
pathogens.  
In this chapter, I discuss the importance of efficiently removing apoptotic cells, a specific type of 
phagocytosis termed engulfment or efferocytosis. I will focus on the nervous system and 
describe several signaling molecules involved in engulfment. A large majority of this chapter is 
specific to the CNS, simply because almost nothing is known about engulfment in the PNS. 
Chapter II details our studies in the developing DRG, where we characterized the resident glia as 
the engulfing cell type, and the involvement of the receptors Jedi-1 and MEGF10. Chapters III 
and IV include the focus of my research, in which I identify signaling mechanisms of Jedi-1 and 
MEGF10, and the final chapter addresses the implications and importance of my findings. 
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Amateur Phagocytes 
In addition to professional phagocytes, whose main job is phagocytosis, many other cell types 
have been found to engulf apoptotic cells and cellular debris, albeit not as efficiently as 
professionals. Because these cells have other functions besides the ability to clear dead cells, 
they have been termed “amateur” or “non-professional” phagocytes. Amateur phagocytosis has 
been observed throughout the body, including during the removal of photoreceptor outer 
segments (Kevany and Palczewski, 2010) and involution of mammary gland (Monks and Henson, 
2009). 
Although professional phagocytes have been studied for a long time, the idea that other cells 
may act as amateur phagocytes and engulf apoptotic neighbors is a relatively new idea. There 
are many questions about the identity of amateur phagocytes and how they function as part-
time engulfers. In particular, are their signaling mechanisms and engulfment receptors similar to 
those of the professionals? A multitude of molecules are involved in the complex task of 
phagocytosis. First, apoptotic cells must lose the don’t-eat-me signals characteristic of healthy 
cells, and then express “find-me” and “eat-me” signals, which are recognized by receptors on 
the engulfing cell. As the engulfing cell is reaching out to wrap around the dead cell, there is 
cytoskeletal rearrangement and an increase in the membrane surface area. The resulting 
phagocytic cup must close around its prey, the debris undergo endocytosis, and the phagosome 
mature and fuse with the lysosome, which is required to break down and recycle the ingested 
cellular materials.   
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More than just waste disposal: The critical role of engulfment 
It is essential to efficiently clear apoptotic cells, as any persisting cell corpses can undergo 
secondary necrosis, exposing their intracellular contents to neighboring cells (Savill et al., 2002), 
and trigger an inflammatory response. In addition, the activation of the immune system by the 
necrotic cells may lead to auto-immunity, such as systemic lupus erythromatosus (SLE) (Janko et 
al., 2008). Indeed, mice with mutated engulfment proteins, such as MFG-E8 or MerTK described 
later in this chapter, are defective in apoptotic cell clearance and shown to phenocopy SLE 
(Hanayama et al., 2006; Scott et al., 2001). Besides SLE, mutations in components of engulfment 
pathways have been implicated in multiple disease states. Because cell corpse clearance is 
required throughout the body, these diseases include psychiatric and neurodegenerative 
disorders, cancer, atherosclerosis, and respiratory diseases, as discussed in a recent review 
(Elliott and Ravichandran, 2010). 
 
Engulfment in the Nervous System 
In the nervous system, both professional and amateur phagocytes are responsible for removing 
dead cells. During development and after injury, there is a plethora of apoptotic neurons that 
need to be cleared. As organisms develop, an overabundance of neurons is created; only those 
most efficient at correctly establishing the proper connections with their targets will survive, 
while the less efficient and misrouted neurons will die.  
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Microglia 
Macrophages and neutrophils are the classic mammalian professional phagocytes; however, the 
central nervous system (CNS) is immune privileged with the blood-brain-barrier normally 
preventing these cells from entering.  The only professional phagocytes found in the healthy 
brain and spinal cord are microglia.  Microglia originate from myeloid cells during early 
embryonic development, although this conclusion had been debated for over a century 
(Ransohoff and Cardona, 2010), and it is confounded by multiple subpopulations of microglia.  
Microglia are said to be in either resting or activated states, but “resting” is considered to be an 
outdated term, as these microglia are continuously monitoring their environment by sending 
out long, branching processes (Nimmerjahn et al., 2005).  The primary role of microglia has 
typically been described as scavenging the CNS to remove apoptotic cells and any pathogens 
that have crossed the blood brain barrier, but these are very dynamic cells with multiple jobs 
and more recent data indicates that they also prune and perhaps even modulate synapses 
(Wake et al., 2009).   
Microglia also regulate neuronal viability in the CNS by releasing pro- or anti-inflammatory 
signals, particularly following activation. Various extracellular cues trigger activation of these 
cells; for example, cytokines, chemokines, misfolded proteins and pathogens. Microglia express 
Toll-like receptors (TLRs), which recognize patterns on molecules from bacteria, fungi and 
viruses. During many bacterial infections TLR4 is stimulated resulting in transcription of a wide 
range of pro-inflammatory genes (Trudler et al., 2010). The activation of microglia results in a 
morphological transformation to an amoeboid-like shape, increased migration and proliferation, 
and the production of neurotrophic factors and anti-inflammatory molecules, which can 
promote neuronal survival, and reactive oxygen species (ROS) that damage invading pathogens 
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(Streit, 2002). However, excess microglial activation can cause the release of pro-inflammatory 
molecules like tumor necrosis factor alpha (TNFα) and over production of ROS, which can be 
cytotoxic to neurons (Block et al., 2007).  
Neuronal apoptosis mediated by microglia has been suggested to occur under certain 
pathological conditions as well as during normal development. For example, in the developing 
retina microglia have been reported to secrete NGF and activate neuronal apoptosis through the 
p75 neurotrophin receptor (Frade and Barde, 1998; Wakselman et al., 2008), although the 
induction of developmental apoptosis by these phagocytes is still debated (Caldero et al., 2009). 
How the neurons are targeted and whether there is a “kill-me” signal is not known. Activated 
microglia have also been implicated as contributing to the etiology of a number of 
neurodegenerative diseases (Block et al., 2007).  
Engulfment of apoptotic cells is often accompanied by release of anti-inflammatory cytokines, 
whereas phagocytosis of pathogens is pro-inflammatory (Napoli and Neumann, 2009). In 
neurological disorders, neuroinflammation is commonly present and is typically thought to 
increase injury. For example, it has been suggested that Parkinson’s disease results from over 
production of ROS, leading to excess microglial activation and further ROS production as well as 
release of cytokines, ultimately resulting in neuronal apoptosis (Long-Smith et al., 2009). The 
role of microglia in Alzheimer’s Disease (AD) is also an area of intense research (Cameron and 
Landreth, 2010). Microglia express receptors that bind and clear Aβ, and evidence suggests that 
in AD microglia become chronically activated, leading to neuroinflammation and disease 
progression (Lee et al., 2010).   
Microglia are also thought to be involved in several psychiatric disorders (Bayer et al., 1999; 
Chen et al., 2010), neuropathic pain (Smith, 2010), Rett Syndrome (Maezawa and Jin, 2010), and 
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Nasu-Hakola disease (Thrash et al., 2009). Recently, Cappechi’s group suggested that altered 
microglial function is associated with obsessive-compulsive behavior (Chen et al., 2010). They 
observed that mice with the Hoxb8 gene deleted in microglial cells displayed excessive grooming 
and hair removal, to the point of producing skin lesions. Moreover, this phenotype could be 
rescued by bone marrow transplant into irradiated mice, resulting in wild type microglia in the 
brain. The underlying mechanism by which microglia regulate this behavior is not known, but 
certainly could be due to altered neuronal corpse engulfment or synaptic pruning by these 
phagocytes. 
 
Astrocytes 
Astrocytes have important functions in CNS homeostasis, but they also have a role in clean-up 
after injury (Aldskogius et al., 1999). One group used electron microscopy to study the clearance 
of dead neurons in gerbils after ischemia (Ito et al., 2007). They found that invading processes 
from astrocytes were breaking up the neurons into smaller pieces, which were then engulfed by 
both astrocytes and microglia. In culture, astrocytes can engulf cell debris and beads 
(Sokolowski et al., 2010) and in traumatic brain injury in mice, astrocytes were found to be 
responsible for clearing the apoptotic cells (Loov et al., 2012). It is not surprising that astrocytes 
play a phagocytic role in the CNS, as they are the most abundant glial cell type, and they are 
equipped with engulfment receptors (Farina et al., 2007). Still, more work is required before we 
understand the capacity at which astrocytes are involved in engulfment in vivo, and how this 
affects neuroinflammation and degeneration. 
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Engulfment Signals 
Come-eat-me signals 
During engulfment, professional phagocytes such as microglia will first sense a dead cell by 
detecting ‘’find-me” or “come-eat-me” signals, and then migrate towards the area of damage 
(Munoz et al., 2010). Once a prey has been found, the activated microglia recognize eat-me 
signals and bind to the cell corpse, engulf it and ultimately, digest it. In response to injury, 
neurons and local glia produce a variety of signals that attract microglia to the locus of the 
insult. Chemokines are one of the best characterized stimuli for directed migration of microglia. 
They are released in response to a number of neuronal pathologies; for example, CXCL10 was 
highly induced in hippocampal neurons after a perforant path lesion, resulting in the 
recruitment of microglia and the clearance of denervated distal dendrites. In contrast, there was 
a reduction in the accumulation of microglia in mice lacking the CXCR3 receptor, which binds 
CXCL10, after injury and the dendrites were maintained (Rappert et al., 2004).  
Damaged neurons also release purines, including ATP and UTP, which activate microglia, 
thereby stimulating their migration. Initially, purines were thought to function only as come-eat-
me signals.  Numerous groups have demonstrated that ATP is released from areas of neuronal 
damage, inducing chemotaxis of microglia through their P2Y12 receptor (Davalos et al., 2005; 
Haynes et al., 2006; Honda et al., 2001), which is uniquely expressed by microglia (Sasaki et al., 
2003).  However, subsequent to activation, these cells up regulate other purinergic receptors 
that can alter their response. For example, using a kainic acid-induced injury in rat hippocampal 
neurons, Koizumi et al found that the neurons released UDP while microglia up regulated the 
P2Y6 receptor.  UDP increased the ability of microglia to engulf latex beads, which was blocked 
by the P2Y6 receptor antagonist; however, UDP did not stimulate chemotaxis. The authors 
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suggested that injured neurons may release ATP as the come-eat-me signal for microglia, then 
the secreted UDP would act locally as an “eat-me” signal (Koizumi et al., 2007).  
Glutamate, the most abundant neurotransmitter in the brain, is often secreted by damaged 
neurons, particularly during excitotoxic injury. Microglial cells have a variety of both ionotropic 
and metabotropic glutamate receptors and recent findings suggest that activation of AMPA, but 
not NMDA, and metabotropic receptors promotes microglial chemotaxis. In spinal cord slices 
perfused with glutamate there was an increase in microglial membrane ruffling and migration of 
the cell bodies, which was blocked by AMPA or metabotropic glutamate receptor antagonists 
(Liu et al., 2009). These findings indicate injured neurons may recruit microglia through the 
release of glutamate, as well as chemokines and nucleotides.  
A number of other microglia activating factors have been suggested as come-eat-me signals, 
including prostaglandins, ROS and cytokines (Yenari et al., 2010). Macrophages are known to 
migrate in response to wide range of chemoattractants, from secreted signaling molecules like 
chemokines to intracellular components that may have “leaked” out of a dying cell, such as 
cleavage products of tyrosyl-tRNA synthetase (Munoz et al., 2010). Thus, it is likely that 
additional come-eat-me signals involved in recruiting microglial will be identified.    
 
Don’t-eat-me signals 
In addition to secreting come-eat-me molecules, apoptotic cells down-regulate “don’t-eat-me” 
signals that are expressed by healthy cells (Grimsley and Ravichandran, 2003). Don’t-eat-me 
signals are markers of self that prevent engulfment of healthy cells. Only a few don’t-eat-me 
signals have been identified, including CD47, which binds to its receptor, CD47-signal regulatory 
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protein α (SIRPα), on macrophages and prevents engulfment (Oldenborg et al., 2000). CD47 was 
recently discovered to be upregulated by tumor cells, and is now considered to be a target for 
cancer treatment (Willingham et al., 2012). It is likely that additional don’t-eat-me signals will be 
identified, especially if tumor cells are commonly using these markers of self to protect 
themselves from phagocytes.   
 
Eat-me signals and their receptors 
In addition to the downregulation of don’t-eat-me signals, apoptotic cells express “eat-me” 
signals that bind to engulfment receptors and trigger phagocytosis. It has been known for nearly 
3 decades that apoptotic cells lose their membrane asymmetry, resulting in the extracellular 
exposure of phosphatidylserine (PS), which is usually confined to the intracellular leaflet of the 
plasma membrane (McEvoy et al., 1986). Fadok et al first suggested that PS was a specific signal 
for engulfment based on the fact that liposomes composed of PS could inhibit macrophage-
mediated phagocytosis of dead lymphocytes (Fadok et al., 1992). This ligand remains the best 
characterized eat-me signal and is highly conserved through evolution, from nematodes and 
flies to mammals (Kinchen and Ravichandran, 2007).  
Surprisingly, there is not a single PS receptor expressed by phagocytes that facilitates ingestion, 
but multiple PS receptors as well as receptors that recognize the lipid through intermediary 
bridging proteins. Why so many mechanisms for recognizing exposed PS exist is not clear; 
however, the redundancy certainly emphasizes the biological significance of clearing cell 
corpses.   
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The first protein to be identified as a PS receptor, named PSR (Fadok et al., 2000) was later 
disputed, because it was found to be a nuclear protein and was renamed Jumonji domain 
containing gene 6 (Jmjd6), as it is in the Jumonji domain containing family of chromatin 
remodeling proteins (Schlegel and Williamson, 2007; Wolf et al., 2007).  The true function of this 
protein remains rather controversial.  Meanwhile, other research has revealed several proteins 
that bind PS and transduce signals that lead to engulfment.   
In 2007, Nagata and colleagues discovered two PS receptors by creating an antibody that 
inhibits engulfment by peritoneal macrophages (Miyanishi et al., 2007). The antibody was 
shown to recognize T cell immunoglobulin mucin 4 (TIM-4). In screening other TIM family 
members, they found only one other member, TIM-1, also bound PS and functioned as an 
engulfment receptor. These results were almost simultaneously reported by the Freeman group 
(Kobayashi et al., 2007), who investigated the role of the TIM family in phagocytosis based on 
the fact that this family had previously been associated with the development of autoimmunity 
and allergic diseases (Kuchroo et al., 2006). They demonstrated that TIM-4 selectively binds PS 
and blocking TIM-4 on macrophages with a monoclonal antibody prevented phagocytosis of 
apoptotic cells. The crystal structure of TIM-4 bound to PS has been solved, revealing PS binding 
occurs at the metal-ion-dependent ligand binding site in the extracellular immunoglobulin 
domain of TIM-4 (Santiago et al., 2007). The importance of TIM-4 in clearing dead cells in vivo 
was confirmed by genetic deletion of tim-4; these mice have persistent cell corpses in the 
peritoneum and develop signs of systemic autoimmunity, including the production of auto-
antibodies and hyperactive B and T cells (Rodriguez-Manzanet et al., 2010). Interestingly, PS 
binding to TIM-4 does not lead to direct signaling, evidenced by the ability of a mutant TIM-4 
lacking its intracellular domain to promote engulfment of dead thymocytes when expressed in 
LR-73 CHO cells (Park et al., 2009). These results suggest that TIM-4 may act as a tethering 
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molecule, facilitating phagocyte binding to an apoptotic cell, but relying on other receptors to 
mediate engulfment.     
Brain-specific angiogenisis inhibitor 1 (BAI1) has also been reported to bind PS, through its 
extracellular thrombospondin type repeats (Park et al., 2007). In the CNS, BAI1 immunostaining 
intensely labels astrocytes and neurons, and weakly labels microglia (Sokolowski et al., 2010). 
This result was surprising that microglia, the professional phagocytes, would have less BAI1 
expression.  The authors suggest that microglia may be expressing a greater variety of receptors 
responsible for multiple types of phagocytosis. It is also possible that BAI1 is up regulated in 
microglia in response to “come-eat-me” signals. 
Finally, the two most recently discovered PS receptors are Stabilin-2 and RAGE (Receptor for 
advanced glycation end-products), but neither have been implicated in engulfment in the 
nervous system (Falkowski et al., 2003; He et al., 2011; Kim et al., 2010; Park et al., 2008a; Park 
et al., 2008c). RAGE, which is important for neutrophil clearance by alveolar macrophages, has 
both transmembrane (mRAGE) and soluble forms (sRAGE), and both bind to PS on apoptotic 
cells. The interplay between the two forms provides an interesting mechanism of engulfment 
inhibition, as sRAGE can bind to and block PS recognition by mRAGE.   
 
Bridging molecules 
In addition to membrane bound receptors, phagocytes use secreted bridging molecules to 
recognize the PS eat-me signal.  These bridging molecules help the phagocyte recognize and 
connect to its target by linking PS on the apoptotic cell to a membrane bound molecule on the 
phagocyte. 
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One of the best characterized bridging molecules is Milk fat globule-EGF-factor 8 (MFG-E8). It is 
involved in engulfment in multiple tissues, including brain (Fuller and Van Eldik, 2008; Raymond 
et al., 2009). Microglia and macrophages secrete MFG-E8, which binds to PS on the apoptotic 
cell. Once MFG-E8 is bound to PS, it tethers the two cells by binding to αvβ3/5 integrins on the 
phagocyte (Hanayama et al., 2002). Macrophages deficient in MFG-E8 are still able to associate 
with apoptotic cells, but engulfment and degradation is impaired. These results suggest that 
other molecules are involved in recognizing apoptotic cells, but MFG-E8 is necessary for maximal 
degradation. Interestingly, MGF-E8 is involved in both professional and amateur phagocytosis 
during mammary gland involution, where both invading macrophages and epithelial cell clear 
apoptotic epithelial cells (Hanayama and Nagata, 2005).  
Growth arrest-specific gene (Gas6), Protein S, Tubby, and Tubby-like protein 1 (Tulp1)(Caberoy 
et al., 2010) are secreted molecules that link apoptotic cells to phagocytes (Rothlin and Lemke, 
2010). These secreted bridging molecules induce the uptake of apoptotic cells by direct binding 
to PS on the apoptotic cells and TAM kinases on the phagocytic cell (Ishimoto et al., 2000). The 
TAM kinases consist of three receptor tyrosine kinases, Tyro3, Axl, and Mer. The binding of 
ligand leads to the activation of TAM kinases, inducing signaling cascades that converge at the 
point of Rac, formation of lamellipodia, and phagocytosis (Wu et al., 2005).   
The TAM kinases are interesting engulfment receptors, as their expression patterns vary by 
tissue, and they are required by both professional and amateur phagocytes. They are important 
for the continuing rapid removal of apoptotic cells, as studied in adult testes and retina. TAM 
receptors are not highly expressed during development, and triple knock-out mice appear to 
develop normally for the first few postnatal weeks. However, the mice develop sterility as 
Sertoli cells cannot remove apoptotic sperm cells (Lu et al., 1999), and blindness occurs because 
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retinal pigment epithelial cells cannot remove the distal ends of photoreceptors (Prasad et al., 
2006). The triple knockout mice also develop symptoms of autoimmunity (Lu and Lemke, 2001; 
Rothlin and Lemke, 2010).   
 
Orphan and PS-Independent Engulfment Receptors 
In addition to receptors and bridging molecules that recognize PS, many engulfment receptors 
bind unidentified or alternative eat-me signals. During apoptosis, cells not only lose their 
membrane asymmetry, but some intracellular molecules become exposed and serve as eat-me 
signals. The phagocytic receptor CD91/Low-density Lipoprotein receptor related protein-1 (LRP) 
recognizes Calreticulin (CRT), a Ca+2 binding protein that acts as a chaperone in the lumen of 
the ER in healthy cells (Gardai et al., 2005; Martins et al., 2010). Once CD91/LRP binds CRT, it is 
thought to induce engulfment of apoptotic cells by regulating lipid homeostasis and Rac 
activation (Gardai et al., 2005; Kinchen et al., 2005; Kiss et al., 2006; Su et al., 2002), but it is 
unclear how CRT becomes exposed on the membrane of apoptotic cells. During apoptosis, CRT 
may be recruited to the outer membrane before membrane blebbing occurs (Obeid et al., 
2007), but it is also thought that CRT and other ER proteins may be non-selectively exposed 
during membrane blebbing (Martins et al., 2010). Similar to PS, CRT may serve as an eat-me 
signal that binds to multiple receptors on phagocytes.  
An established engulfment receptor with no identified ligand is Triggering receptor expressed on 
myeloid cells-2 (TREM2), expressed in microglia, dendritic cells, and osteoclasts (Colonna, 2003). 
TREM2 is important for clearing apoptotic neurons while inhibiting inflammation (Takahashi et 
al., 2005), and its unknown ligand appears to be universal to all apoptotic cells (Hsieh et al., 
2009). The importance of TREM2 is apparent in human disease. Loss of TREM2 signaling leads to 
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Nasu-Hakola disease, also known as polycystic lipomembranous osteodysplasia with sclerosing 
leukoencephaglophtay (PLOSL). This rare and fatal genetic neurodegenerative disease is 
characterized by bone cysts, early onset dementia, demyelination, cerebral atrophy, and 
microglial activation. It is thought that an inability of microglia to clear apoptotic cells may cause 
the disease, but the exact mechanism has yet to be defined (Thrash et al., 2009).   
ATP Binding Cassette sub-family A 1 (ABCA1) was first studied in macrophages during embryonic 
clearance of interdigital webs. Antibodies to ABCA1 that blocked its binding to dead cells 
markedly reduced the ability of macrophages to ingest apoptotic cells (Luciani and Chimini, 
1996). ABCA1 is also expressed in many other cell types, including microglia, astrocytes, and 
neurons (Kim et al., 2006), although its role in these cells is not clear. ABCA7 has recently been 
identified as another engulfment receptor on macrophages (Jehle et al., 2006). Both ABCA1 and 
ABCA7 regulate lipid transport across the membrane (Landry et al., 2006; Wang et al., 2003; 
Wang and Tall, 2003), but very little is known about why they are important for engulfment. 
These are not the translocases for flipping PS to the extracellular leaflet of the membrane, 
rather they are known to efflux cholesterol and other phospholipids. One hypothesis suggests 
that these proteins alter membrane composition, allowing for receptor mobility during 
recognition of apoptotic cells (Hamon et al., 2006). 
 
Engulfment Molecules of the Innate Immune System 
The Innate Immune System is required for eliminating foreign pathogens, but it is now becoming 
clear that some molecules of this system also recognize the body’s own apoptotic cells. 
Likewise, some established engulfment receptors, such as BAI-1 (Das et al., 2011) and Trem2 
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(Daws et al., 2003; N'Diaye et al., 2009) have now been found to recognize both apoptotic cells 
and foreign pathogens.  
The complement system of the innate immune system is important for the removal of both 
apoptotic cells and unwanted synapses. Microglia express complement receptor 3 
(C3/Mac1/CD11b) and secrete many complement proteins (Fiske and Brunjes, 2000; Gasque et 
al., 1998). C1q, a secreted complement protein, binds to PS and marks the cell for engulfment 
(Paidassi et al., 2008). A study by Stevens et al (2007) provided evidence for microglial 
involvement of synaptic remodeling in the retinogeniculate pathway, where both C1q and C3 
were involved in tagging and clearing these synapses during development (Stevens et al., 2007). 
Neurons themselves were shown to produce C1q, both during development and after injury, 
thereby tagging unwanted synapses for elimination by microglia. Mice lacking the A chain of C1q 
exhibited defects in the refinement of the retinogeniculate circuitry with excess innervation of 
the retina by neurons of the lateral geniculate nucleus. Clearance of cell corpses and synapses 
by the complement system is an important area of research for understanding autoimmunity. 
Not only do C1q knock-out mice develop an autoimmune phenotype (Botto, 1998), but the 
greatest known SLE susceptibility gene is C1q deficiency (Trendelenburg, 2005).   
Many other innate immune receptors have been identified that recognize eat-me signals, 
including Scavenger Receptors (Husemann et al., 2002; Silverstein and Febbraio, 2009) and CD14 
(Devitt et al., 1998; Gregory et al., 1998; Moffatt et al., 1999; Schlegel et al., 1999). It is likely 
that future research will uncover further overlap between engulfment receptors and pathogen 
detecting receptors. 
 
 
16 
 
Conserved Signaling Pathways for Cell Corpse Clearance 
It is clear that microglia and other professional phagocytes express a wide range of molecules 
involved in the phagocytosis of apoptotic cells. To what extent amateur phagocytes use these 
same molecules remains largely unknown, although emerging evidence suggests that some of 
the same mechanisms are involved. 
 
C. elegans 
The nematode C. elegans is a great model for studying amateur phagocytosis, because this 
organism does not have any professional phagocytes. In each worm, there are 1090 cells 
generated during development, and 131 of these cells will undergo apoptosis (Kimble and Hirsh, 
1979; Sulston and Horvitz, 1977; Sulston et al., 1983), and each apoptotic cell is efficiently 
removed by a neighboring cell. Molecular and genetic experiments have identified two 
conserved pathways involved in clearance of apoptotic cells. These pathways consist of cell 
death abnormal (ced) genes, and mutations in several ced genes causes persistent cell corpses.   
One of the two pathways includes the genes ced-1, ced-6, and ced-7. Ced-1 is a receptor on 
engulfing cells that is linked to PS on apoptotic cells through the secreted bridging molecule 
TTR-52 (Rutkowski and Gartner, 2010). There are several mammalian proteins that exhibit 
homology to ced-1, including megf-10, -11 and -12. These genes are all predicted to code for 
single transmembrane domain proteins with multiple EGF repeats, hence the MEGF 
nomenclature. MEGF-10 and -12 (also known as Jedi-1) are characterized in this dissertation. 
The adapter protein Ced-6 contains a Phosphotyrosine binding (PTB) domain that binds to the 
intracellular domain of Ced-1. Ced-6 is homologous to mammalian Gulp and is an adaptor 
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protein that interacts with the mammalian engulfment receptors LRP (Kiss et al., 2006) and 
Stabilin2 (Park et al., 2008b). Also in this pathway is Ced-7, found on both apoptotic and 
engulfing cells. Ced-7 is homologous to ABCA transporters described above. Although it is not 
understood how this pathway signals for engulfment, there is evidence that it leads to Ced-10 
(homolog of mammalian Rac1) activation (Kinchen et al., 2005). 
The other engulfment pathway in C. elegans includes ced-2, ced-5, ced-10, and ced-12. In vitro, 
a complex is formed between ced-2, ced-5, and ced-12 (Wu et al., 2001; Zhou et al., 2001a). The 
mammalian homologs of Ced-2/-5/-10/-12 are CrkII, Dock180, Rac1 and ELMO, respectively.  
Dock180 and ELMO act together as a guanine exchange factor (GEF) for Rac1 (Brugnera et al., 
2002), and CrkII is an SH2-SH3 containing adapter protein. Overall, this pathway leads to Rac1 
activation and cytoskeletal rearrangement (Kinchen et al., 2005; Tosello-Trampont et al., 2007). 
This pathway is conserved in mammals and is important for downstream signaling of the 
engulfment receptors BAI1 (Park et al., 2007) and integrin/MFG-E8 (Akakura et al., 2004).   
 
Drosophila 
Unlike C. elegans, Drosophila have both amateur and professional phagocytes. During 
embryogenesis, there are circulating macrophages, but glia form a barrier around the ventral 
nerve cord in late embryonic stages, preventing macrophages from entering the CNS (Schwabe 
et al., 2005); therefore, glia are responsible for clearing neuronal corpses (Kurant et al., 2008). 
These glia express the engulfment receptor Draper, a homolog of Ced-1 in C. elegans (Awasaki 
and Ito, 2004; Freeman et al., 2003; Fuentes-Medel et al., 2009; Hoopfer et al., 2006; 
MacDonald et al., 2006).  
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Similar to the engulfment pathway in C. elegans, Draper binds the adapter protein dCed-6 
(Drosophila Ced-6), and this interaction is important to clear apoptotic cells, although the 
function of dCed-6/Ced-6 is not known. Draper also signals for engulfment via its intracellular 
Immune receptor Tyrosine-based Activation Motif (ITAM), where it is phosphorylated by Src42A 
and the non-receptor tyrosine kinase Shark binds (Ziegenfuss et al., 2008). ITAM signaling, which 
was originally characterized in mammalian immune receptors (Underhill and Goodridge, 2007), 
will be discussed further in Chapter III. The mechanisms by which dCed-6 and Shark mediate 
engulfment have yet to be worked out. 
Unlike Ced-1, which recognizes PS (Venegas and Zhou, 2007), Draper mediated engulfment is 
independent of PS (Manaka et al., 2004). Recently, the ER protein Pretaporter, which 
translocates to the membrane of apoptotic cells, has been identified as a possible ligand for 
Draper (Kuraishi et al., 2009). In the same pathway as Draper, is the tethering receptor Simu, 
Six-microns-under (Kurant et al., 2008). Both Draper and Simu are homologous to Ced-1, being 
predicted to be single transmembrane domain proteins containing EGF repeats in their 
extracellular domains. Simu is expressed on the phagocytic glia, and it binds to an unknown 
ligand on apoptotic neurons. Interestingly, expression of Simu lacking its transmembrane and 
intracellular domains was sufficient to rescue a Simu mutant, suggesting that Simu acts as a 
bridging molecule, possibly linking Draper to apoptotic cells (Kurant et al., 2008).  
 
Unknowns: Peripheral Neuron Engulfment in Mammals 
Compared to the CNS, very little is known about clearance of apoptotic cells in the mammalian 
PNS. Although Schwann cells are best characterized for their role in axon ensheathment and 
myelination, they are also known to serve a phagocytic function. Bishop et al. used mice with 
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fluorescently labeled motor neurons and time-lapse microscopy to determine that Schwann 
cells were engulfing axon fragments during developmental pruning (Bishop et al., 2004). In 
addition, it has long been known that following sciatic nerve injury, Schwann cells 
dedifferentiate and engulf myelin debris (Fernandez-Valle et al., 1995). This is quickly followed 
by the invasion of macrophages, which complete the clearance process. The removal of myelin 
debris is necessary for efficient reinnervation after injury, as myelin remnants contain proteins 
that inhibit neurite outgrowth (Brushart et al., 1998; Mears et al., 2003; Schafer et al., 1996; 
Vargas et al., 2010). These studies suggest that Schwann cells are very important amateur 
phagocytes.  
Although axon pruning and clearance of myelin debris have been studied in the PNS, the 
question of which cells remove the apoptotic cell bodies during development remained. There 
have been very few studies on the mechanism by which apoptotic neurons are removed from 
the PNS, which is surprising, because the massive neuronal death that occurs during 
development has been established since the mid-1900s (Hamburger and Levi-Montalcini, 1949). 
As described in the next chapter, studies in our lab revealed that resident glia within the DRG 
are important amateur phagocytes responsible for clearing apoptotic neurons during 
development, and the receptors Jedi-1 and MEGF10 are important for this process (Wu et al., 
2009).  
 
Conclusion 
Growing evidence indicates that both professional and amateur phagocytes are important for 
keeping the nervous system clear of apoptotic cells.  Although the expression patterns of 
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engulfment receptors differ among tissues, it seems as though many professional and amateur 
phagocytes share common receptors and signaling pathways that lead to engulfment. 
Few studies have focused on comparing professional and non-professional phagocytes.  
However, Parnaik et al. compared the rate at which microglia and amateur phagocytes engulfed 
apoptotic cerebellar granular neurons (Parnaik et al., 2000). They found that the early apoptotic 
neurons are engulfed within 1-2 minutes of microglial contact, but amateur phagocytes, such as 
baby hamster kidney fibroblasts and lens epithelial cells, would extensively palpate the 
apoptotic neurons and take hours to engulf.   
The molecular cause of these differences in professional and amateur phagocytosis remains 
unclear.  One possibility is a greater expression of phagocytic molecules in professional 
phagocytes, leading to the activation of multiple engulfment pathways, whereas amateurs may 
rely on just a few signal cascades. These details have yet to be determined. 
The complexity of apoptotic cell clearance is illustrated by the number of molecules that are 
involved in recognizing just a few eat-me signals, and it is likely that more eat-me signals and 
their receptors will be identified with future research.  It is unknown why different tissues have 
evolved to express different engulfment machinery, but it is clear cells utilize multiple bridging 
molecules and receptors. The advantage of this overlap may be a back-up plan, to be sure no 
apoptotic cells are left behind to become necrotic and dangerous. Even amateur phagocytes 
might be a back-up system for when professionals are not present. In addition, the use of 
amateur phagocytosis may be a way to prevent a greater immune reaction, so inflammatory 
signals are not required to attract the professionals. Because professional phagocytes are found 
only in higher organisms, it is possible that they became important when tissues became too 
complicated for amateurs to take care of clearance by themselves. 
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Aims of dissertation 
 
During development, approximately 50% of neurons in the PNS undergo apoptosis and are 
efficiently cleared by phagocytosis. Although much is known about programmed cell death, little 
is known about the clearance of dead cells in the PNS. We reported that satellite glial cell 
precursors are the primary phagocytic cells for apoptotic corpse removal in developing DRG.  
Moreover, we found that  Jedi-1, a novel engulfment receptor, and MEGF10, a purported 
engulfment receptor, are both expressed in the glial precursor cells and involved in engulfing 
the apoptotic neurons (Wu et al., 2009). Taken together, these results begin to reveal the 
mechanisms by which neuronal corpses are culled during development, which may be crucial for 
preventing autoimmune attack later in life. Based on the homology between the mammalian 
engulfment receptors Jedi-1 and MEGF10 and the Drosophila receptor Draper, I hypothesized 
that Jedi-1 and MEGF10 would utilize similar signaling pathways.  
Aim 1: To determine whether Jedi and MEGF10 promote engulfment through a Syk family 
kinase. 
The signaling mechanisms of Jedi and MEGF10 are unknown.  However, the homologous 
engulfment receptor Draper in Drosophila is known to signal phagocytosis through tyrosine 
kinase Shark, which binds to the ITAM of the receptor.  I will determine if Jedi and MEGF10 
similarly interact with a Syk Family Kinase, which are homologous to Shark, through their ITAMs 
and if a Syk family kinase is required for Jedi or MEGF10 mediated engulfment.   
Aim 2: To determine if SFKs phosphorylate Jedi and MEGF10 to recruit Syk family kinases. 
The association of Shark with Draper requires phosphorylation of the ITAM in the receptor by 
Src42A, a homolog of mammalian SFKs. Therefore, I will investigate whether SFKs phosphorylate 
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the ITAMs in Jedi-1 and MEGF10 and if this phosphorylation enhances association with a Syk 
family kinase. 
 
 
Figure 1.1 Central hypotheses of Aims. Based on the structural homology to known engulfment 
receptor Draper, I hypothesized that Jedi-1 and MEGF10 are also phosphorylated by Src family 
kinases (SFKs), leading to interactions with Syk. 
 
 
  
23 
 
CHAPTER II 
 
IDENTIFICATION OF JEDI-1 AND MEGF10 AS ENGULFMENT RECEPTORS IN GLIAL CELL 
PRECURSORS 
 
Introduction 
During the development of the nervous system, there is an overproduction of neurons, of which 
approximately 50% will undergo programmed cell death. The abundance of dying cells needs to 
be cleared in a timely manner, before undergoing secondary necrosis and triggering an immune 
response. Although the clearance of apoptotic neurons has been studied in the CNS, it is not 
known how apoptotic neurons in the PNS are cleared. In the 1970s, data suggested that resident 
glia were involved in clearing the neuronal debris (Pannese, 1978). However, it was still not 
known to what extent amateur and professional phagocytosis was occurring, nor were any 
engulfment molecules identified in this process.  
Our lab established Satellite glial cell (SGC) precursors as the primary engulfing cell type in 
developing DRG (Wu et al., 2009). In sections of mouse DRG at E11 and E13, during the peak of 
neural apoptosis, less than 1% of cells were positive for the macrophage markers F4/80 and 
Mac1. Although these macrophages contained engulfed apoptotic cells, 86% of apoptotic bodies 
were surrounded and engulfed by BFABP+ resident SGC precursors at E11. In addition, electron 
microscopy images revealed apoptotic cells within SGC precursors, even while these glia were 
mitotic. Therefore, at the time of neuronal apoptosis, when the glial precursors are undergoing 
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mitosis and will either remain in the ganglia to become satellite glia or migrate out to axons to 
become Schwann cells, they are actively involved in clearing the apoptotic neurons.    
Once it was clear that SGC precursors were the engulfing cell type in developing DRG, we set out 
to uncover molecules involved in the recognition of eat-me signals on the apoptotic neurons. 
We focused on a family of novel proteins that were homologous to known engulfment 
receptors: Ced-1 in C. elegans, and Draper in Drosophila. We studied two of the mammalian 
homologs, Jedi-1/PEAR1/MEGF12 and MEGF10, both of which we found to be expressed in SGC 
precursors. 
 
 
Figure 2.1 The predicted structures of Jedi-1 and MEGF10 are similar to those of Draper and 
Ced-1. Each protein contains multiple EGF-like repeats on the ECD, a single transmembrane 
domain, and predicted intracellular signaling motifs, including NPxY and ITAM motifs. 
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Jedi-1 and MEGF10 
Jedi-1 and MEGF10 are novel proteins that belong to the family of proteins containing multiple 
EGF-like repeats on the ECD. The predicted structures of Jedi and MEGF10 are similar to the 
structures of Draper and Ced-1, as shown in Figure 2.1. These membrane bound proteins have a 
single transmembrane domain, and their ECDs contain EGF-like repeats and EMI domains, which 
are thought to be involved in protein-protein interactions (Nakayama et al., 1998). The ICDs of 
these homologous proteins contain NPxY motifs, which are known target sequences for PTB 
domains, and YxxL/I/P/M motifs, which are target sequences for SH2 domains. Tandem 
YXXL/I/P/M motifs separated by 6-12 residues make an Immune receptor Tyrosine-based 
Activation Motif (ITAM). ITAMs are present in Draper, Jedi-1, and MEGF10, and will be discussed 
in Chapter III. 
Although Draper and Ced-1 have been characterized as engulfment receptors, a single 
mammalian homolog has never been clearly identified. Based on structural similarities, Jedi-1 
and MEGF10 are potential mammalian homologs, but very little was known about their 
expression patterns or functions. In 2006, a study was published implicating MEGF10 as a 
functional ortholog of Ced-1 (Hamon et al., 2006). By Northern blot, they found expression of 
MEGF10 transcripts in whole mouse embryos and in several adult mouse tissues, including 
heart, brain, kidney, and lung, as well as mouse and human macrophage cell lines. When 
MEGF10 was overexpressed in HeLa cells, there was an increase in engulfment of apoptotic 
thymocytes. In addition, MEGF10 expression in Ced-1 mutant worms could partially rescue the 
phenotype of persistent cell corpses. Not only was this the first evidence that MEGF10 could 
function as an engulfment receptor, but it also supported MEGF10 as a functional homolog of 
Ced-1. Further evidence for MEGF10 mediating phagocytosis came from a report that 
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overexpressed MEGF10-GFP clustered around apoptotic cells (Suzuki and Nakayama, 2007a). In 
addition, MEGF10 was shown to interact with Gulp, the homolog of Ced-6, which binds to Ced-1 
(Suzuki and Nakayama, 2007b).  
Beyond MEGF10’s role in engulfment, preliminary studies have suggested a few other roles for 
this receptor. One study revealed that MEGF10 is expressed in  myosatellite cells, where it 
causes the cells to differentiate when overexpressed  (Holterman et al., 2007),  and a genetic 
case-control study found MEGF10 single nucleotide polymorphisms (SNPs) to be associated with 
Schizophrenia (Chen et al., 2008), but this has recently come under question (Yun et al., 2011). 
Interestingly, it was recently discovered that homotypic interactions of MEGF10 are important 
for the spacing of retinal neurons (Kay et al., 2012); this will be discussed in further detail in 
Chapter IV.  
Although MEGF10 had been identified as an engulfment receptor with homology to Ced-1, 
nobody had ever linked Jedi-1 to engulfment. The mRNA sequence for murine Jedi-1 was initially 
entered into the public database (Krivtsov et al., 2001) as a novel DSL and EGF-like repeat motif 
protein similar to the Notch ligands Jagged and Delta, which is how the name Jedi-1 was 
derived. One group identified the human homolog of Jedi-1 as a protein tyrosine 
phosphorylated during platelet aggregation and, therefore, renamed it Platelet Endothelial 
Aggregation Receptor-1 (PEAR1) (Nanda et al., 2005). Recently it was reported that Jedi-
1/PEAR1 interacts with PI3K, thus regulating the activity of integrin αIIbβ3 and platelet 
aggregation (Kauskot et al., 2012).   
Although Jedi-1 had not been implicated in engulfment, we hypothesized that Jedi-1, as well as 
MEGF10, were functionally homologous to Ced-1 and Draper and were involved in clearing 
apoptotic neurons in the PNS. We found expression of both Jedi-1 and MEGF10 in SGC 
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precursors in mouse embryonic DRG during the peak of developmental neuronal apoptosis. 
Using co-culture assays of glial precursors and sensory neurons, which were induced to 
apoptose by neurotrophin withdrawal, we determined that Jedi-1 and MEGF10 in the SGC 
precursors were involved in clearing apoptotic neurons. 
 
Experimental Procedures 
Animals 
CD-1 mice, Sprague-Dawley rats or neurotrophin-3 (nt-3)+/+ and -/- mice (Farinas et al., 1996) 
were used for these studies. All experimental procedures using animals were approved by the 
Institutional Animal Care and Use Committee at Vanderbilt University, the committee on Animal 
Research at the University of Valencia and conformed to US National Institutes of Health and EU 
guidelines.   
 
RT-PCR 
Total RNA from E12.5 CD-1 mouse brain, heart, spinal cord, DRG, and cultured embryonic 
satellite cells (Woodhoo et al., 2004) or neurons was extracted with TRIzol reagent (Invitrogen) 
per manufacturer’s recommendation and reverse-transcribed using random primers and 
Superscript II reverse transcriptase (Invitrogen) following treatment with DNase I (DNA-free kit, 
Ambion). Resulting cDNAs were analyzed by PCR.  
Primers: Jedi-1:  forward primer, 5'- CCTGCAGCTGCCCACCGGGCTGGA -3';  
reverse primer, 5'- CCTGGCAGCCCGGGCCATGCGTGT -3'.   
Megf10i: forward primer, 5'-GGCGCGCCTGTGTCCCGAGGGGCTTT-3';  
reverse primer, 5'-CGGGCGCACAGGTGCAGGTCCCATCC-3';  
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Megf11: forward primer, 5'-GCGCGCCACGGAAGCAGGCCCCGATG-3';  
reverse primer, 5'-CCAGCCTCGGAAGCCCGGGGCGCACA-3'.  
 
Plasmids  
MEGF10::GFP and related constructs: 
Mouse MEGF10 cDNA (Accession # BC07564; clone ID:30620548; Open Biosystems) was 
subcloned into a modified pEGFP-N3 vector (Clonetech) in which the EGFP protein was mutated 
at amino acid position 206 from an alanine to a lysine resulting in an EGFP protein with limited 
ability to form a homodimer (kind gift of Dr. Graham Carpenter at Vanderbilt University Medical 
School). A BamHI site was created at the end of the coding sequence of MEGF10 in order to 
create a fusion protein with the GFP at its C-terminus (MEGF10::GFP). To generate a GFP 
fusion protein with the intracellular domain of MEGF10 truncated (MEGF10ΔC::GFP), a BamHI 
site was created at amino acid position 887 and 888 (10 amino acids after the putative 
transmembrane domain; Ensemble mouse genomic server ENSMUSP00000075174) in the 
MEGF10::GFP construct. MEGF10ΔC::GFP was generated by excision of the intracellular 
domain by BamHI digestion and relegation. 
 
Jedi-1::Flag and related constructs: 
Jedi-1 cDNA in pCMV-SPORT6 vector (accession # BC042490; protein ID: AAH42490) was 
purchased from Invitrogen. After comparison with other cDNA sequences in the data base (for 
example, GenBank accession # AF440279, Protein ID: AAL33583), we found that this cDNA was 
missing sequences encoding amino acid 375-405. Using RT-PCR, we determined that the major 
form of cDNA in E15 mouse embryonic tissues contained sequences encoding these missing 
amino acids (data not shown). We then used mRNA obtained from E15 mouse spinal cord and 
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DRG to obtain portions of Jedi-1 cDNA and generated a full-length mouse Jedi-1 cDNA using 
BC042490 as the base. A Flag-tagged full length Jedi-1 cDNA in pCMV SPORT6 vector was 
then generated by inserting the Flag tag sequences (DYKDDDDK) right after Jedi-1 coding 
sequences followed by a stop codon. To generate a GFP fusion protein with the intracellular 
domain of Jedi-1 truncated, an Apa I site was created 7-8 amino acids after the predicted 
transmembrane domain (Ensemble mouse genomic server ENSMUSP00000029714) and a Sal I 
site was created about 30 nucleotides upstream of the start site. The sequences encoding the 
extracellular domain, transmembrane domain, and 8 residues after transmembrane domain 
were subcloned into the modified pEGFP-N3 GFP vector described above.  
 
Western Blot Analysis 
HEK293 cells were transfected with indicated plasmids containing cDNAs or shRNA using 
Effectene (Qiagen) as recommended by the manufacturer. Cells were harvested in PBS and lysed 
in buffer consisting of 20 mM Tris-HCl, pH 7.6, 2% (v/v) Triton X-100, 4 mM EDTA, 150 mM 
NaCl, 20% (v/v) glycerol, a mixed protease inhibitor (Roche) and 2 mM PMSF. Protein 
concentration was determined by DC Protein Assay (BioRad). Lysates were fractionated with 
10% or 7.5% SDS PAGE and subjected to Western blotting with the indicated antibodies: mouse 
anti-Flag 1:1000 (Sigma); mouse anti-GFP 1:500 (Roche).     
 
Neuronal engulfment assay 
DRG from E13.5 mouse CD1 embryos or E15 rat embryos were dissociated with collagenase A (1 
mg/ml, Roche) plus 0.05% Trypsin (1:250; Gibco) and triturated. Then 50,000 cells were plated 
onto a 25mm round coverslip (#1.5: 0.17 mm; Warner Instruments Inc.) coated with collagen. 
For mouse cultures, cells were grown in mouse- engulfing medium (MEGM)[1:1 UltraCulture 
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serum-free medium (BioWhittaker): Neural Basal medium (Invitrogen) supplemented with 3% 
FBS (Hyclone), N2, and B27 (Invitrogen)].  For rat cultures, cells were grown in Basal Medium 
Eagle (Invitrogen) supplemented with 0.4% glucose, 3% FBS and N2. Cultures were first grown in 
the presence of 50 ng/ml NGF (Harlan) for 2 days, then the NGF was removed by washing the 
cultures twice and refeeding with 1:10,000 dilution of monoclonal anti-mouse NGF (Chemicon) 
to remove any remaining NGF. For mouse cultures, 50 ng/ml of glial growth factor (GGF; R & D 
Systems) was added to ensure the survival of immature peripheral glial cells. Cells were then 
transfected with the plasmids indicated using Effectene (Qiagen) according to the 
manufacturer’s recommendation.  
 
DRG SGCs isolation 
DRG SGCs were isolated as previously described (Woodhoo et al., 2004) with the following 
modifications: E13.5 mouse DRGs were cultured as explants on 35 mm dishes coated with poly-
D-Lysine and laminin (Invitrogen) in MEGM with 25 ng/ml NGF and 50 ng/ml GGF or 1 uM insulin 
(Sigma) for 3 days to allow cell migration. Neuron soma and glia still associated with the 
explants were pinched out using fine forceps and dissecting scissors. The remaining satellite glial 
cells were dissociated by trypsinization and replated to a 10 cm dish coated with poly-D-
Lysine/laminin in MEGM with 1 uM insulin without NGF for 2 days.  
 
Immunostaining and quantification 
Embryos, processed as for in situ analysis, were cryosectioned at 12 µm, permeablized and 
blocked with 0.5% Triton X-100 in 10% bovine calf serum and incubated with primary 
antibodies: 1:1000 rabbit anti-BFABP (kind gift from Dr. Thomas Muller(Kurtz et al., 1994)), 
1:100 F4/80 (Serotec), 1:4 rabbit anti-S100 (ImmunoStar) and/or 1:1000 mouse anti-neuronal 
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class III β-Tubulin (Tuj1; Convance). TO-PRO3 (Invitrogen) was used according to the 
manufacturer’s recommendation. For immunohistochemistry, nt3+/+ and -/- embryos were 
processed as described previously(Farinas et al., 1996). To quantify neuronal engulfment in vivo, 
the proportion of apoptotic bodies that appeared surrounded by BFABP+ or F4/80+ cells were 
counted in sections from at least 6 DRGs from at least 3 embryos at each age.   
 For immunofluorescence staining of cultured cells, cultures were fixed with 4% or 10% Formalin 
and incubated with primary antibodies: 1:4 anti-S100, anti-BFABP; 1:500 Chicken anti-GFP 
(Abcam); 1:500 anti-Flag M2 (Sigma); 1:1000 TUJ1; 1:100 F4/80; 1:25 anti-Thy 1.1 (Serotec); 
anti-LAMP1 (3.9 ug/ml). (The LAMP1 monoclonal antibody developed by J. T. August was 
obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the 
NICHD and maintained by the University of Iowa.) Cultures were then incubated with 200 µg/ml 
of DNase-free RNase A in PBS for 30 min at RT, rinsed, following which nuclei were visualized 
with 1 uM TO-PRO3 (Invitrogen). Secondary antibodies used were Alexa488-goat anti-rabbit 
(1:1000) and Alexa488-goat anti-mouse (1:200) from Invitrogen; Rhodamine X-donkey anti-
mouse (1:200-1:400) and Cy2-donkey anti-chicken (1:200) from Jackson ImmunoResearch 
Laboratories. Photomicrographs of Z-axis series were taken using a Zeiss LSM 510 inverted 
confocal microscope (Cell Imaging Shared Resource at Vanderbilt University Medical Center) and 
analyzed with LSM image Browser from Zeiss. For each experiment, at least 50 cells from each 
condition (done as duplicates or triplicates for each experiment) were counted. The results were 
obtained from 2-3 independent experiments. 
 
Apoptotic neuron binding assay 
DRG neurons from E13.5 CD1 mouse embryos were isolated as described above, plated on 
collagen coated coverslips and grown in UltraCulture media with 50 ng/ml NGF (Harlan).  Non-
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neuronal cells were eliminated by two 48 h treatments with uridine (10 uM) and 
fluorodeoxyuridine (10 uM).  NGF was removed to induce apoptosis by rinsing and addition of 
anti-NGF (1:10,000). After 24 hrs, the neurons were harvested by scraping and stained with 
propidium iodide (PI) for 20 min, rinsed and added to transfected HEK 293 cells.   
HEK 293 cells were plated onto collagen coated 8-well glass chamber slides at a density of 
20,000 cells per well in DMEM with 10% FBS (Sigma).  After 24 h, the cells were transfected 
using Effectene (Qiagen) and 48 h later, the indicated number of PI-stained apoptotic neurons 
were added for 1 h at 4 C.  Unbound neurons were washed away with 3 rinses of PBS and fixed 
with 10% formalin.  To quantify, at least 100 GFP positive HEK 293 cells were counted per 
condition.  The percentage of GFP+ cells with at least one PI+ corpse bound was calculated.   
 
Results 
Jedi-1 and MEGF10 are expressed in SGC precursors 
To determine possible receptors involved in recognizing apoptotic neurons, we studied a family 
of novel proteins that have structural homology with two established engulfment receptors, 
Draper in Drosophila, and Ced-1 in C. elegans. We focused on three novel mammalian proteins, 
MEGF10, MEGF11, and Jedi-1/PEAR1/MEGF12, which belong to a family of multiple EGF-like 
repeat containing proteins. In embryonic DRG and CNS, mRNA transcripts were detected for 
MEGF10, MEGF11, and Jedi-1 (Figure 2.2). Although all three transcripts were in DRG, only 
MEGF10 and Jedi-1 were expressed in SGC precursors, so we focused on the hypothesis that 
MEGF10 and Jedi-1 are involved in engulfment of apoptotic neurons. 
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Figure 2.2 Jedi-1 and MEGF10 are expressed in developing peripheral glial cells. RT-PCR 
detection of Jedi-1, Megf10, or Megf11 mRNA in E12.5 mouse brain, heart, spinal cord [SpC], 
whole DRG, and purified DRG neurons or satellite glial cells. 1 Kb DNA markers are on the left. 
(Data on the left were acquired by Dr. Hsiao-Huei Wu) 
 
 
SGC precursors engulf apoptotic neurons in vitro 
We developed a co-culture system to study engulfment of apoptotic neurons by SGC precursors. 
Glia and neurons from E13.5 mouse DRG were dissociated and cultured in the presence of NGF 
for 3-4 days, at which time the glia were transfected, and NGF was withdrawn for an additional 
2 days to promote neuronal apoptosis. After 2 days and an average loss of 82% of the neurons, 
the cultures were fixed, and confocal images were collected and analyzed for engulfed nuclear 
remnants inside transfected glia. First, to check the purity of these cultures, the cells were 
stained with BFABP, a marker for satellite glia. As can be seen in Figure 2.3, the remaining cells 
after NGF withdrawal are BFABP+, suggesting little to no fibroblasts or other cell types 
contaminating the co-cultures. Figure 2.3 also shows a glial cell transfected with GFP that 
engulfed nuclear fragments (arrow). By quantifying engulfment in these assays, this allowed us 
to study the signaling mechanisms employed by the SGC precursors. 
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Figure 2.3 Glial precursors engulf apoptotic neurons in culture. 
Primary mixed cultures of sensory neurons and SGCs were derived from dissociated E13.5 
mouse DRG and cultured with NGF for 2 days. The cells were then transfected with GFP, 
and NGF removed to induce neuronal apoptosis. The cultures were fixed 2 days later and 
immunostained for BFABP. Images were compiled from orthogonal optical sections 
showing apoptotic nuclear remnants [TO-PRO3, blue] inside the cytoplasm of GFP+ 
[green] glial cells [α-BFABP, red]. 
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Jedi-1 and MEGF10 overexpression promote engulfment 
To determine if Jedi-1 and MEGF10 could promote engulfment in the co-cultures of glia and 
apoptotic neurons from developing DRG, either GFP, Jedi-1, or MEGF10 were transfected into 
the glia at the same time neuronal apoptosis was induced by NGF withdrawal. Engulfment was 
quantified from confocal imaging, and calculating the percentage of transfected cells engulfing 
at least one apoptotic cell fragment (Figure 2.4). Glial cells overexpressing either Jedi-1 or 
MEGF10 had more engulfment than the control glia overexpressing GFP. Although Jedi-1 and 
MEGF10 can each increase engulfment, there is no additive effect when co-transfected into glia 
(Figure 2.4). This result would support the idea that both proteins are in the same pathway, but 
it is also possible that the glia are already engulfing at a maximum when transfected with Jedi-1 
or MEGF10 alone. In addition, the results are also confounded by endogenous expression of 
these receptors. Interestingly, the glia exhibit different morphologies when transfected with 
Jedi-1 or MEGF10. As seen in Figure 2.5, Jedi-1 transfected cells have elongated processes, and 
MEGF10 transfected cells have an increase in vacuoles containing apoptotic nuclei. Overall, it 
seems as though Jedi-1 and MEGF10 are functioning slightly differently, however, they are both 
involved in engulfment and may be converging on a common signaling pathway. 
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Figure 2.4 Ectopic expression of Jedi-1 or MEGF10 in glial cells promotes neuronal corpse 
engulfment. DRG from E13.5 mice were dissociated and grown in the presence of NGF for 2 
days. The glial cells were then transfected with plasmids expressing MEGF10::GFP; Jedi-1::Flag, 
or meGFP and NGF removed from the cultures. The cells were fixed after 2 days without NGF 
and immunolabeled with antibodies to GFP or Flag.  Z-axis optical stacks of confocal images of 
glial cells expressing MEGF10::GFP, Jedi-1::Flag, or meGFP were acquired and the numbers of 
transfected cells containing at least one ingested nuclear remnant [condensed TO-PRO3 
staining] was quantified. Error bars = Mean ± s.d. P=0.0002, one-way ANOVA.   
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Figure 2.5 Ectopic expression of Jedi-1 or MEGF10 in glial cells affects morphology. DRG from 
E13.5 mice were dissociated and grown in the presence of NGF for 2 d. The glial cells were then 
transfected with plasmids expressing MEGF10-GFP or Jedi-1–Flag, and NGF was removed from 
the cultures. The cells were fixed after 2 d without NGF and immunolabeled with antibodies to 
GFP or Flag. Confocal images of glial cells expressing MEGF10-GFP or Jedi-1–Flag were acquired 
(green). Nuclear TO-PRO3 and nuclear remnants (cond ensed TO-PRO3 staining) are shown in 
blue. Arrows indicate the location of engulfed apoptotic nuclei in these cells. Arrowheads 
indicate the long processes in Jedi-1–Flag–expressing cells.          
(Data acquired by Dr. Hsaio-Huei Wu.)
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Knock-down of Jedi-1 and MEGF10 decreases engulfment 
To determine if endogenous Jedi-1 and MEGF10 are required for the SGC precursors to engulf 
apoptotic neurons, shRNA that target Jedi-1 or MEGF10 was transfected into the co-cultures of 
SGC precursors and apoptotic neurons. Knock-down of either receptor resulted in a 40-50% 
decrease in the number of glia engulfing at least one apoptotic cell, and simultaneous knock-
down of both receptors did not further reduce engulfment compared to individual knock-downs 
(Wu et al., 2009). Our data suggest that endogenous Jedi-1 and MEGF10 are important for 
engulfment of apoptotic neurons. 
 
Jedi-1 and MEGF10 are receptors that bind apoptotic cells 
Based on the predicted structures of these proteins, as well as their orthologs, it is likely that 
Jedi-1 and MEGF10 are membrane-bound proteins that recognize eat-me signals on apoptotic 
neurons. Biotinylation experiments confirmed that overexpressed Jedi-1 and MEGF10 were 
exposed on the cell surface (Wu et al., 2009), and to determine if they can recognize dead 
neurons we analyzed their ability to bind apoptotic cells in culture. Jedi-1 or MEGF10 were 
overexpressed in HEK 293 cells, and then apoptotic neurons from mouse embryonic DRG were 
added. After addition of apoptotic neurons, the cells were kept at 4 degrees for 2 hours. These 
conditions allowed time for binding apoptotic neurons, but at a temperature where engulfment 
would not likely take place. Unbound apoptotic neurons were rinsed away, and I quantified the 
percentage of transfected cells that had an apoptotic neuron bound (Figure 2.6). HEK 293 cells 
overexpressing Jedi-1 or MEGF10 had more bound apoptotic neurons than control cells 
overexpressing GFP. Similar to the engulfment data, there was no additive increase in binding 
when HEK 293 cells were transfected with both Jedi-1 and MEGF10. Although the ligands for 
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these proteins remain unknown, this data suggests that Jedi-1 and MEGF10 are receptors for 
molecules exposed on apoptotic neurons. 
 
 
Figure 2.6 Jedi-1 and MEGF10 expressed in HEK 293 cells enable binding to dead neurons. Jedi-
1 and/or MEGF10 transfected HEK 293 cells were incubated at 4 C with the indicated number of 
neuronal corpses, induced to undergo apoptosis by NGF withdrawal for 24 hrs and labeled with 
propidium iodide. After washing off the unbound dead cells, the cultures were fixed with 10% 
formalin. The percentage of GFP+ cells with at least one PI+ corpse bound is shown (1 
representative experiment of 3 is depicted). The right panel shows the mean + S.E.M. percent 
binding at the highest concentration of neurons (* , p < 0.01 relative to GFP transfected cells; t-
Test, n=4, counting >100 transfected cells per condition). 
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Discussion 
Similar to C. elegans and Drosophila nervous systems, the mammalian PNS contains amateur 
phagocytes that are responsible for keeping the tissue free of cell corpses. In developing DRG 
during a period of naturally occurring cell death, less than 1% of cells are macrophages, and a 
large majority of cell corpses are seen engulfed by SGC precursors (Wu et al., 2009).   
We found that these glia express mRNAs of the novel proteins Jedi-1 and MEGF10 (Figure 2.2). 
Interestingly, the mRNAs were also found in the cultures of pure neurons from developing DRG. 
The function of these proteins in neurons is unknown, but with their large ECDs containing 
protein-protein interaction motifs, it is plausible that homotypic interactions are occurring 
between these proteins on neurons and glia, and this may function in creating the “tethering” or 
“zippering” of the engulfment synapse between engulfing glia and its target apoptotic neuron. 
Jedi-1 and MEGF10 are both structurally homologous to the known engulfment receptors Ced-1 
and Draper. Overexpression of Jedi-1 or MEGF10 in SGC precursors cultured with apoptotic 
neurons lead to an increase in engulfment (Figure 2.4), suggesting a functional homology with 
Ced-1 and Draper. In addition to this data, our collaborators also found evidence for Jedi-1 being 
a functional homolog of Ced-1 (Wu et al., 2009). Although full-length Jedi-1, expressed with a 
ced-1 promotor in C. elegans, could not be properly trafficked to the plasma membrane, a 
mutant of Jedi-1 lacking the ICD could make it to the cell surface. This mutant Jedi, with a GFP 
tag, was localized around apoptotic cells in C. elegans, suggesting it may be able to recognize an 
eat-me signal in worms. The mutant Jedi also acted as a dominant negative, causing a 
phenotype of persistant, unengulfed cell corpses, which is the same phenotype seen in Ced-1 
mutant C. elegans. Taken together, our data strongly support Jedi-1 as a homolog to Ced-1 in C. 
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elegans. While these studies were underway, a study was published revealing MEGF10 as a 
homolog of Ced-1 (Hamon et al., 2006).  
Since it seems that there are at least two homologs of Ced-1 in mammals, Jedi-1 and MEGF10, 
which are both expressed in developing SGC precursors, it would be interesting to know if these 
proteins are both needed for engulfment and how they may be acting together. As seen in 
Figures 2.4 and 2.5, co-expression of Jedi-1 and MEGF10 does not cause an additive effect on 
engulfment, but overexpression of Jedi-1 leads to elongated processes, whereas overexpression 
of MEGF10 causes an increase in vacuoles. In addition to these experiments, knock-down of 
Jedi-1 or MEGF10 in SGC precursors decreased engulfment, but simultaneous knock-down of 
both receptors did not further decrease engulfment compared to individual knock-down (Wu et 
al., 2009). Overall, this data suggest that Jedi-1 and MEGF10 have at least partially redundant 
functions, but they are not dependent on each other. Further studies are needed to determine 
how these proteins are functioning to increase engulfment of apoptotic neurons. 
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CHAPTER III 
 
JEDI-1 AND MEGF10 SIGNAL VIA SYK KINASE IN PARALLEL PATHWAYS 
 
Introduction 
We previously reported that satellite glial cell precursors are the primary phagocytic cells for 
apoptotic corpse removal in developing DRG. Moreover, we found that Jedi-1, a novel 
engulfment receptor, and MEGF10, a purported engulfment receptor (Hamon et al., 2006), are 
both expressed in glial precursor cells and involved in engulfing the apoptotic neurons (Wu et 
al., 2009). How Jedi-1 and MEGF10 transduce their signals has yet to be determined. 
Interestingly, no additive effect was observed when both receptors were over expressed or 
knocked down in the glial cells, suggesting that Jedi-1 and MEGF10 may function in a common 
pathway (Wu et al., 2009). A dual receptor system was recently characterized for the Drosophila 
receptors Draper and Simu, with Simu acting as the primary recognition molecule for dead cells, 
while Draper transduces the engulfment signal (Kurant et al., 2008).  
Although the signaling mechanisms of Jedi-1 and MEGF10 are unknown, some of the 
components in the signaling pathways downstream of the homologous engulfment receptors, 
Ced-1 in C. elegans and Draper in Drosophila have been identified. Both Ced-1 (Su et al., 2002; 
Zhou et al., 2001b) and Draper (Awasaki et al., 2006) associate with Ced-6, an intracellular 
adaptor protein that is required for engulfment, but whose function remains to be determined. 
In addition, Draper mediates its effects through the tyrosine kinase Shark, which associates with 
an Immunoreceptor Tyrosine-based Activation Motif (ITAM) on Draper following 
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phosphorylation by Src42A (Ziegenfuss et al., 2008). ITAMs are common signaling motifs that 
contain two YXXI/L motifs separated by 6-12 residues, and are well characterized in immune 
receptors, such as Fc, B cell, and T cell receptors. Upon receptor activation, the ITAM tyrosines 
are phosphorylated by Src family kinases, resulting in the recruitment and activation of Syk 
family kinases, that are homologous to Shark.  Syk and Zap-70 are the two members of this 
family, which is defined by having tyrosine kinase activity and containing tandem SH2 domains, 
separated by a linker, that bind to phosphorylated ITAMs (Berton et al., 2005; Irving et al., 1993; 
Underhill and Goodridge, 2007). Syk family kinases activate a wide range of downstream 
pathways, including Rac1, which modifies the actin-cytoskeleton (Mocsai et al., 2010). 
In this chapter, I report that the intracellular domains of Jedi-1 and MEGF10 each contain two 
ITAMs, one of which partially aligns with Draper’s ITAM. The ITAMs of Jedi-1 and MEGF10 
facilitated the binding of each receptor to Syk independently, and the interaction with Syk was 
necessary for each receptor to independently mediate phagocytosis in HeLa cells. Inhibition of 
Syk in glial cells reduced their engulfment of dead neurons. These results identify Syk as an 
essential mediator for both Jedi-1 and MEGF10 signaling, which are required for the clearance of 
apoptotic neurons in the developing PNS.     
 
Experimental Procedures 
DNA constructs 
Jedi-GFP and MEGF10-GFP construction was described in Chapter II.  Jedi-GFP and MEGF10-GFP 
mutants were obtained by site-directed mutagenesis with PfuUltra HF (Stratagene) PCR and 
Dpn1 (New England Biolabs) digestion.  Syk-myc and Zap-70-myc were kind gifts from Dr. Arthur 
Weiss (University of California, San Francisco). LRP expression plasmid was a kind gift from Dr. 
44 
 
Dudley Strickland (University of Maryland School of Medicine).  To make the Syk shRNA that 
targets both mouse and human Syk mRNA, the synthetic oligonucleotide 5’-
GATCCGAAACCGTGGCTGTGAAAATTTCAAGAGAATTTTCACAGCCACGGTTTTTTTTTACGCGTG-3’ 
and the reverse compliment were annealed and ligated into pSIREN-RetroQ-ZsGreen (Clontech). 
The scrambled shRNA was in the same vector.  
 
Cell culture and transfection 
HEK293 cells and HeLa cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) with 
10% FBS. Transfections of the cells were carried out with Lipofectamine 2000 (Invitrogen), per 
manufacturer’s recommendations.  Stably transfected cells were selected with 4 mg/ml G418. 
 
Immunoprecipitation and Western blot analysis 
Transfected cells were harvested in 500 L NP-40 lysis buffer [25 mM Tris, 137 mM NaCl, 2.7 
mM KCl, 1% NP-40, 10% glycerol, 1 mM Na3VO4, Complete Mini EDTA-free Protease inhibitor 
cocktail tablet (Roche)]. Jedi-GFP and mutants were immunoprecipitated with anti-GFP (Roche) 
and Protein A Sepharose (Invitrogen).  Western blot analysis was performed using primary 
antibodies to the myc-tag (1:1000, 9B11, Cell Signaling), phospho-Syk (1:1000, Y525/Y526, Cell 
Signaling), phosphoTyrosine (1:1000, PY99, Santa Cruz) or alpha-tubulin (1:1000, Calbiochem). 
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Engulfment assays  
DRG co-cultures and engulfment of apoptotic neuron assays were performed as described in 
Chapter II, except cells were cultured in the presence of NGF for four days before NGF 
withdrawal. In brief, DRG from E13.5 CD1 mouse embryos were dissociated and 50,000 cells 
plated onto a glass, collagen coated coverslip in 1:1 Ultraculture (BioWhittaker): Neural Basal 
medium (Invitrogen), with 3% fetal bovine serum and N2 and B27 supplements plus 50 ng/ml 
NGF. The cells were transfected using Effectene (Qiagen) and the transfected cells were 
detected using anti-GFP (1:500, Abcam) or anti-myc-tag (1:1000, 9B11, Cell Signaling) and anti-
mouse labeled with Alexa 488 (1:400). The nuclei were detected using TOPRO-3 (Life 
Technologies). Photomicrographs of z-stacks were taken using a Zeiss LSM 510 inverted confocal 
microscope (Cell Imaging Shared Resource at Vanderbilt University Medical Center) and at least 
50 cells were analyzed for each experiment. Any cell with an internalized TOPRO positive signal, 
other than its own nucleus, was counted as having phagocytosed an apoptotic body.  
For the microsphere engulfment assay, 300,000 HeLa cells were plated on 35 mm tissue culture 
plates in DMEM 10% FBS.  The following day, cells were transfected with the indicated plasmids 
using Lipofectamine 2000 (Invitrogen).  After 24 hours, 50,000 of these cells were plated per 
well on collagen coated 8-well chamber slides.  The next day, 2 m carboxylate-modified 
fluorescent microsphere beads (F-8826, Invitrogen) in PBS with 1 mg/ml BSA were incubated 
with the cells at 37 C for two hours then the unbound microspheres were removed by PBS 
rinses and the cells fixed in 10% Formalin.  The cells were then immunostained, and imaged with 
Zeiss LSM 510 inverted confocal microscope.  The percentage of transfected cells that had 
engulfed one or more microspheres was determined for each condition.   
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Stimulation of Jedi-1 by addition of apoptotic cells 
Apoptosis of CHO cells was induced by culturing with 1 M staurosporine (Sigma) overnight.  
Apoptosis was confirmed by Propidium Iodide staining.  Approximately 7.5x106 rinsed apoptotic 
CHO cells were added to each 10 cm plate of confluent HEK293 cells stably expressing Jedi-GFP 
and transiently expressing Syk-myc.  Cells were harvested at indicated time points. 
 
Results 
Jedi-1 and MEGF10 interact with Syk through their ITAMs 
The engulfment of dead neurons by glial precursors was previously reported to involve Jedi-1 
and MEGF10 (Wu et al., 2009); however, how these receptors signal and whether they function 
in a common pathway was not clear. The intracellular domains of Jedi-1 and MEGF10 each 
contain two potential ITAMs, YxxIx14YxxM and YxxPx8YxxP/L. Although these ITAMs do not 
consist of the typical YxxI/LX6-12YxxI/L consensus sequence, multiple noncanonical ITAMs have 
been identified, including those that contain YxxM and YxxP (Lee et al., 1998; Ohtsuka et al., 
2004; Underhill and Goodridge, 2007). As can be seen in Figure 3.1A, the first ITAM of Jedi-1 and 
MEGF10 aligns with the ITAM in Draper. In a number of receptors, the ITAMs associate with 
soluble tyrosine kinases in the Syk family, specifically Syk or ZAP-70.  The ITAM domain in Draper 
was recently reported to bind to the Drosophila Syk homolog Shark, which was required for 
Draper-mediated phagocytosis (Ziegenfuss et al., 2008). Therefore, we hypothesized that Jedi-1 
and MEGF10 can both promote engulfment through interaction with Syk or ZAP-70 through 
their ITAMs.  
Initially, we focused on the novel receptor Jedi-1 to determine whether it could interact with a 
Syk family kinase independent of MEGF10. HEK293 cells stably expressing Jedi-GFP were 
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transiently transfected with Syk-myc or Zap-70-myc. Upon immunoprecipitation (IP) of Jedi-1, an 
interaction with Syk, but not Zap-70, was observed (Figure 3.1B).  
 
 
Figure 3.1 Jedi-1 and MEGF10 contain ITAMs required for Syk interaction. A, The ICDs of 
Draper, Jedi-1, and MEGF10 were aligned by NCBI Cobalt Alignment. ITAMs are underlined. B, 
Syk-myc or Zap-70-myc were transfected into HEK293 cells stably expressing Jedi-GFP. Jedi-GFP 
was immunoprecipitated with anti-GFP, and anti-myc detected Syk-myc and Zap-70-myc. C, Syk-
myc was transfected into HEK293 cells stably expressing WT or mutated Jedi-GFP. Anti-GFP was 
used to IP WT and mutant Jedi-GFP. D, Syk-myc and WT or mutated MEGF10-GFP were 
transiently transfected in HeLa cells. WT and mutant MEGF10-GFP were immunoprecipitated 
with anti-GFP. 
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To determine if the ITAM motifs of Jedi-1 are required for Syk binding and engulfment, both of 
the tyrosines were mutated to phenylalanines in each ITAM of Jedi-GFP (Jedi Y923F/Y941F and 
Jedi Y1004F/Y1016F), all 4 tyrosines were mutated (Jedi Y923F/Y941F; Y1004F/Y1016F) or just 
the first tyrosine in the first ITAM was mutated (Jedi Y923F). HEK293 cells stably expressing Jedi-
GFP or one of the Jedi-GFP mutants were transiently transfected with Syk-myc, and co-
immunoprecipitation (IP) of Syk-myc with the Jedi-GFP proteins was analyzed by western blot. 
Mutation of either ITAM, even the single tyrosine mutation (Y923F), markedly reduced Jedi-1 
binding to Syk, as did mutation of all 4 tyrosines, suggesting that both ITAMs are required for 
optimal interaction with Syk (Figure 3.1C). Similar to Jedi-1, MEGF10 was also capable of 
interacting with Syk when both were expressed in HEK293 and this association was disrupted by 
mutation of the first tyrosine in MEGF10’s first ITAM, indicating that this receptor also interacts 
with the kinase through its ITAM domain (Figure 3.1D).  
To analyze the functional significance of the ITAM domains during engulfment, a microsphere 
engulfment assay was used.  GFP-tagged Jedi-1, MEGF10 or the ITAM mutants were expressed 
in HeLa cells and the cells were given 2 micron carboxylate-modified fluorescent polystyrene 
microspheres to engulf for 2 hr. Engulfment was analyzed by confocal microscopy (Figure 3.2A), 
and the percentage of transfected cells with at least one microsphere fully internalized, based 
on a z-stack, was quantified. Low Density Lipoprotein Receptor Related Protein (LRP/CD91), a 
known phagocytic receptor(Gardai et al., 2005), was used as a positive control. Compared to the 
GFP transfected control cells, LRP, Jedi-1 and MEGF10 expression significantly increased the 
engulfment of microspheres (Figures 3.2B-D, 3.3) (p=0.0016, n=6; p=0.00009, n=3; p=0.0003; 
n=3, respectively). In contrast, none of the various ITAM mutants exhibited any engulfment 
capability (Figures 3.2C, 3.3B). These results indicate that the ITAM domains are critical for Jedi-
1 and MEGF10 mediated engulfment, consistent with their requirement for Syk binding.  
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Figure 3.2 Jedi ITAM tyrosines are required for engulfment. A, Jedi-GFP mutants were 
transfected into HeLa cells, and B, expression levels were analyzed by Western blot of cell 
lysates. Microspheres were added to HeLa cells expressing GFP, LRP, WT Jedi-GFP, or mutants of 
Jedi-GFP.  Confocal images are shown with Jedi or GFP expressing cells (green) containing 
engulfed microspheres (red). Cell nuclei are shown in blue. C, The percentage of transfected 
HeLa cells engulfing at least one microsphere was quantified (*, p<0.001 compared to GFP, t-
Test, n=3-6, counting >25 transfected cells per condition). D, GFP, WT Jedi-GFP, or mutant Jedi-
GFP were transfected into co-cultures of E13.5 DRG neurons and glia. Neuronal death was 
induced by NGF withdrawal, and the percentage of transfected glia engulfing at least one 
apoptotic body was quantified by confocal analysis (*, p<0.05, n=3). (Data for panels B and C 
acquired by Chelsea Sullivan.) 
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To confirm the importance of the ITAMs in mediating engulfment of dead neurons, wild type 
Jedi-1 or the Jedi-1 with both ITAMs mutated were expressed in glial cells and their ability to 
phagocytose apoptotic neurons was scored. The glial cells in dissociated E13.5 dorsal root 
ganglia (DRG) were transfected with GFP-tagged wild type or mutant Jedi, then NGF was 
removed to induce neuronal apoptosis and confocal microscopy was used to quantify the 
percent of GFP positive glial cells that were engulfing at least one apoptotic body. As we have 
previously shown(Wu et al., 2009), glia overexpressing Jedi-1 engulfed more apoptotic neurons 
(p=0.048, n=3); however, there was no increase over basal engulfment in the glia overexpressing 
Jedi-1 with both ITAMs mutated, even though the mutant was localized at the membrane, 
demonstrating a requirement for the ITAM domains in Jedi-1  for the clearance of apoptotic 
neurons (Figure 3.2D). 
Both Jedi-1 and MEGF10 were previously reported to contribute to the engulfment of dead 
neurons by glial cells and there was no additive effect of over expressing both receptors or 
knocking them both down (Wu et al., 2009). These results suggested that Jedi-1 and MEGF10 
may be in the same pathway; however, the glial cells express endogenous engulfment 
receptors, including Jedi-1 and MEGF10, thus assessing the independent function of each was 
not feasible in this system. Here, we demonstrate that expression of either receptor alone in the 
HeLa cells, which have virtually no basal engulfment capability, facilitated phagocytosis to a 
similar extent (Figure 3.3). In addition, co-expression of both receptors in the HeLa cells resulted 
in a level of engulfment similar to expression of either receptor alone (Figure 3.3B). Taken 
together, our results suggest that the two receptors act in parallel, but converge in signaling, at 
least in part, through this downstream kinase. 
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Figure 3.3 MEGF10 signals via Syk parallel to Jedi for engulfment. A, Jedi and MEGF10 were 
transfected alone or together, or mutant MEGF10 was transfected, into HeLa cells. Expression 
levels were analyzed by Western blot. B, Microspheres were added, and the percent of 
transfected cells engulfing at least one microsphere was quantified by confocal microscopy 
(p<0.001, n=3). (Data acquired by Chelsea Sullivan.) 
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Stimulation of Jedi-1 with apoptotic CHO cells increases Syk binding and activation 
Although the ligand for Jedi-1 is unknown, expression of Jedi-1 confers the ability to bind 
apoptotic neurons or CHO cells (Wu et al., 2009) and induce phagocytosis of microspheres 
(Figure 3.2); therefore, we hypothesized that Jedi-1 association with Syk and activation of the 
kinase would be stimulated by addition of apoptotic CHO cells. To test this hypothesis, CHO cells 
were killed with staurosporine then added to HEK293 cells expressing Jedi-GFP and Syk-myc for 
various times. Within 30 min, there was a 94% increase in Syk association with Jedi-1 by co-IP 
(p<0.01, n=3) and a 90% increase in the phosphorylation of Syk (p<0.05, n=3), reflecting 
activation (Figure 3.4), indicating that upon binding an apoptotic cell Jedi-1 recruits and 
activates Syk. 
 
Figure 3.4 Syk associates with Jedi-1 and becomes active upon stimulation with apoptotic CHO 
cells. HEK293 cells stably expressing Jedi-GFP were transfected with Syk-myc and 24 hrs later, 
apoptotic CHO cells were added for the indicated times. Co-IP of Syk-myc with Jedi-GFP was 
detected with anti-myc.  Phospho-Syk was detected in the lysates by Western blotting with a 
phospho-Syk specific antibody. 
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Syk is involved in Jedi-1 and MEGF10 mediated engulfment of apoptotic neurons 
To investigate the requirement for Syk in the phagocytosis of apoptotic neurons by glial cells, 
which depends on endogenous Jedi-1 and MEGF10 (Wu et al., 2009), we performed Syk knock-
down. After confirming the shRNA could knock-down Syk (Figure 3.5A), it was transfected into 
the glial cells in the co-cultures. Interestingly, glia that were transfected with Syk shRNA had a 
very altered morphology, becoming highly elongated with many thin branches (Figure 3.5B), 
similar to what has been reported for silencing Syk in other cells (Bhavsar et al., 2009; 
Schymeinsky et al., 2006; Sung et al., 2009). Quantification of the number of transfected glia 
that were engulfing an apoptotic fragment revealed that Syk knock down significantly reduced 
engulfment of the apoptotic neurons (Figure 3.5C) (p=0.021, n=3).  In contrast, over expressing 
Syk in the glial cells did not result in any overt morphological changes, but there were 
significantly more apoptotic bodies engulfed (Figure 3.5B and D) (p=0.022, n=4).   
To further probe the requirement for Syk in phagocytosis mediated by Jedi-1 and MEGF10 in 
glial cells, the satellite glial precursors in dissociated DRGs were transfected with GFP, Jedi-1 or 
MEGF10, then NGF was removed to induce neuronal apoptosis in the presence or absence of 
the Syk inhibitor. Quantification of the engulfed apoptotic neurons revealed that expression of 
Jedi or MEGF10 enhanced engulfment (p=0.022, n=3; p=0.0056, n=3), as previously reported 
(Wu et al., 2009), but the enhancement was prevented by Syk inhibition (Figure 3.6) (p=0.0022, 
n=3, comparing Jedi transfected cells with or without inhibitor; p=0.025, n=3, comparing 
MEGF10 transfected cells with or without inhibitor).  
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Figure 3.5 Altered Syk expression affects the engulfment of neurons by glial precursors. A, Syk-
myc, GFP, and scrambled or Syk shRNA were transfected into HEK293 cells.  Lysates were 
immunoblotted with anti-myc and anti-GFP. B, Confocal images depicting co-cultures of DRG 
neurons and glial precursor cells transfected with GFP and non-targeting scrambled or Syk 
shRNA, GFP or Syk-myc. The transfected glia are depicted in green and nuclei in red. C and D, 
The percentage of transfected glia that had engulfed an apoptotic fragment was quantified by 
confocal microscopy (*, p<0.05, n=4). 
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Figure 3.6 Inhibition of Syk prevents Jedi-1 and MEGF10 induced engulfment. Co-cultures were 
transfected with GFP, Jedi-GFP, or MEGF10-GFP, and a Syk inhibitor (BAY 61-3606) was added 
for the last 24 hours. Engulfment of apoptotic bodies was quantified by confocal microscopy. 
Expression of GFP- Jedi (p=0.022, n=3) or MEGF10 (p=0.0056, n=3) significantly increased 
engulfment, but this was prevented by treatment with 1 uM Syk inhibitor (Jedi, p=0.0022; 
MEGF10, p=0.025, t-Tests compared to GFP, n=3).    
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To further investigate whether Syk is required for phagocytosis specifically mediated by Jedi-1 or 
MEGF10, a Syk inhibitor, BAY 61-3606, was added to the HeLa microsphere engulfment assay 
1hr prior to addition of microspheres.  Although HeLa cells expressing Jedi-1 or MEGF10 had 
significantly greater engulfment than control cells (p=0.0026, n=5; p=0.021, n=3), this increase 
was prevented when the cells were treated with the Syk inhibitor (Figure 3.7) (p=0.015, n=5, 
comparing Jedi with or without inhibitor; p=0.026, n=3, comparing MEGF10 with or without 
inhibitor). (Note that a lower density of microspheres was used for these experiments than for 
those in Figure 3.2C, hence the reduced absolute level of microsphere engulfment.)  
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Figure 3.7 Inhibition of Syk reduces engulfment mediated by Jedi-1 or MEGF10 in HeLa cells. 
HeLa cells were transfected with (A) GFP or Jedi-GFP, or (B) MEGF10-GFP, and after 48 hrs, 1 M 
Syk inhibitor (BAY 61-3606) was added to the HeLa cells 1 hr before addition of microspheres for 
2 hr. Cells were rinsed, fixed, and engulfment of microspheres was detected by confocal 
microscopy and quantified. The Syk inhibitor significantly reduced Jedi mediated (p=0.015, n=5) 
and MEGF10 mediated (p=0.026, n=3) engulfment.   
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Discussion 
The engulfment of apoptotic neurons by glial precursors in the developing DRG was reported to 
involve both MEGF10 and a novel receptor Jedi-1, both homologous to Draper and Ced-1 (Wu et 
al., 2009). However, whether MEGF10 and Jedi-1 can function independently was not known, 
nor were the mechanisms by which they promote engulfment. It was recently determined that 
Draper signals for engulfment via its ITAM, which becomes phosphorylated by Src42a and binds 
Shark, a tyrosine kinase homologous to Syk.  Here, we establish that this signaling pathway for 
Draper is conserved in both mammalian engulfment receptors Jedi-1 and MEGF10. We 
demonstrate that Jedi-1 and MEGF10 can independently interact with Syk through the ITAMs in 
the intracellular domain of the receptors and promote phagocytosis.  
Syk is a known effector for a number of phagocytic receptors, integrins and immune receptors 
(Mocsai et al., 2010) and promotes cytoskeletal rearrangement through phosphorylation of a 
variety targets, including the scaffolding adaptors Linker for activation of T cells (LAT) and SH2 
domain containing leukocyte protein 65kD (SLP-65). The phosphorylation of LAT and SLP-65 
results in the activation of phospholipase C  and the Rac guanine nucleotide exchange factor 
Vav, which modulate actin dynamics, thereby promoting the phagocytic process (Mocsai et al., 
2010; Tohyama and Yamamura, 2009). Thus, it is likely that Jedi-1 and MEGF10 mediate the 
engulfment of apoptotic neurons through Syk induced reorganization of the cytoskeleton. 
Previously, we found that both Jedi-1 and MEGF10 are involved in the engulfment of apoptotic 
neurons by glial precursors and that over expression of both receptors in the glial cells was not 
additive relative to over expression of either receptor alone (Wu et al., 2009). These results 
suggested that Jedi-1 and MEGF10 are in a common pathway or that they converge on a 
common signaling component. Here, we show that expression of either Jedi-1 or MEGF10 alone 
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in HeLa cells was sufficient to reconstitute engulfment equivalent to the co-expression of both 
receptors. This result indicates that the two proteins are most likely not in the same pathway, 
since they were able to function independent of each other. Furthermore, we identify Syk as a 
key signaling protein for both receptors, suggesting that Jedi-1 and MEGF10 converge on Syk for 
their action. Nevertheless, it is likely that there remain other signaling pathways uniquely 
activated by each receptor, since knock down of both proteins in the glial cells was not additive 
and over expression of each protein in the glial precursors resulted in somewhat different 
morphologies: Jedi-1 expression resulted in the appearance of long processes in the cells, while 
MEGF10 produced an increase in vacuole-like structures (Wu et al., 2009). What signaling 
mechanisms account for these specific cellular phenotypes remains to be determined. 
The involvement of multiple engulfment receptors appears to be the norm for the phagocytic 
process. Engulfment of dead cells by macrophages involves multiple receptors and 
phosphatidylserine binding proteins in what has been termed the “engulfment synapse” due to 
the many proteins facilitating the process (Lauber et al., 2004; Ravichandran and Lorenz, 2007). 
Several of these phagocytic receptors mediate engulfment through ITAM dependent 
recruitment of Syk or Zap-70, including the Fc receptor, Triggering receptor expressed on 
myeloid cells 2 (TREM2) and Signal regulatory protein 1 (SIRP 1) (Linnartz et al., 2010). TREM2 
and SIRP 1 utilize an adaptor protein, DAP12, which has ITAMs, in order to recruit Syk family 
members (Colonna, 2003; Mocsai et al., 2004; Tomasello et al., 2000). How all of these receptors 
uniquely contribute to the phagocytic process is not well understood. Our findings suggest that 
engulfment by amateur phagocytes is also a multi-receptor process involving the tyrosine kinase 
Syk.   
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The association of Jedi-1 with Syk required both of Jedi-1’s ITAMs, as mutation of the tyrosines 
in either ITAM substantially reduced Syk binding (Figure 3.1) as well as engulfment (Figures 3.2 
and 3.3), even though the Jedi-1 mutants were expressed at the membrane. Why both ITAMs 
are required is not clear; however, the T-cell receptor also recruits Syk through multiple ITAMs 
(Love and Hayes, 2010). Structural analysis of Syk binding to a dually phosphorylated ITAM 
peptide revealed that the two SH2 domains of Syk act independently, each binding to one 
phosphotyrosine in the ITAM (Futterer et al., 1998). Therefore, interaction with two Syks per 
Jedi-1 may be required for maximal signaling, or the intracellular domain of the receptor may 
fold in such a way as to allow one Syk to bind to both ITAMs, with each SH2 domain interacting 
with a single phosphotyrosine in each ITAM.    
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CHAPTER IV 
 
JEDI-1 AND MEGF10 INTERACT WITH SRC FAMILY KINASES 
 
Introduction 
The mammalian engulfment receptors, Jedi-1 and MEGF10, are both involved in the clearance of 
apoptotic neurons during development. Although their ligands are not known, and their 
signaling mechanisms are unclear, our data support a model where Jedi-1 and MEGF10 signal in 
parallel pathways and converge on the non-receptor tyrosine kinase Syk. This interaction with 
Syk likely occurs at the ITAM motifs of Jedi-1 and MEGF10. Interactions between ITAMs and Syk 
family kinases, which includes Syk and Zap-70, have been characterized in multiple immune 
receptors. When the immune receptors recognize an antigen, their ITAMs are phosphorylated 
by SFKs, and the phospho-ITAMs can then be bound by Syk or Zap-70.  
SFKs have been well characterized, and they have important roles in many cell functions besides 
phagocytosis. SFKs are a family of 9 non-receptor tyrosine kinases, including Src, Fgr, Fyn, Yes, 
Lck, Lyn, Blk, Hck, and Frk. SFKs consist of SH2, SH3, and tyrosine kinase domains. There are 
multiple mechanisms to activate SFKs, all of which cause structural changes to expose the active 
site of the kinase domain. Although it is known that SFKs regulate phagocytosis by 
phosphorylating ITAMs of immune receptors, little is known about what causes SFKs to do this. 
When immune receptors bind their antigens, they form dimers, and the resulting structural 
changes allow for Src Family Kinases (SFKs) to phosphorylate the two tyrosines within the 
receptors’ ITAMs, but the mechanism by which the SFK is activated is not known. 
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In Drosophila, the homologous engulfment receptor Draper is phosphorylated by Src42A at its 
ITAM tyrosines, where it interacts with Shark, the homolog of Syk (Ziegenfuss et al., 2008). 
Based on the previously characterized ITAM signaling of Draper and immune receptors, we 
hypothesized that SFKs phosphorylate the ITAM tyrosines of Jedi-1 and MEGF10, resulting in 
increased Syk interaction and engulfment. 
  
Experimental Procedures 
DNA constructs 
Jedi-GFP and MEGF10-GFP construction was previously described(Wu et al., 2009).  Jedi-GFP 
and MEGF10-GFP mutants were obtained by site-directed mutagenesis with PfuUltra HF 
(Stratagene) PCR and Dpn1 (New England Biolabs) digestion.  Syk-myc, Zap-70-myc and Lck-F505 
were kind gifts from Dr. Arthur Weiss (University of California, San Francisco) and Src-F529 was 
generously provided by Dr. Steven Hanks (Vanderbilt University, Nashville). Fyn and Lyn were 
kind gifts from Dr. Clifford Lowell (University of California, San Francisco), and Yes was 
purchased from Addgene (Plasmid #18067).   
 
Cell culture and transfection 
HEK293 cells and HeLa cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) with 
10% FBS. Transfections of the cells were carried out with Lipofectamine 2000 (Invitrogen), per 
manufacturer’s recommendations.  Stably transfected cells were selected with 4 mg/ml G418. 
Immunoprecipitation and Western blot analysis 
Transfected cells were harvested in 500 L NP-40 lysis buffer [25 mM Tris, 137 mM NaCl, 2.7 
mM KCl, 1% NP-40, 10% glycerol, 1 mM Na3VO4, Complete Mini EDTA-free Protease inhibitor 
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cocktail tablet (Roche)]. Jedi-GFP and mutants were immunoprecipitated with anti-GFP (Roche) 
and Protein A Sepharose (Invitrogen).  Western blot analysis was performed using primary 
antibodies to the myc-tag (1:1000, 9B11, Cell Signaling), phospho-Syk (1:1000, Y525/Y526, Cell 
Signaling), phosphoTyrosine (1:1000, PY99, Santa Cruz) or alpha-tubulin (1:1000, Calbiochem). 
 
RT-PCR and DRG satellite glia precursor isolation  
Reverse transcription, PCR and the isolation of satellite glial cell precursors from E13.5 DRG from 
CD1 mice (Charles River) was performed as described(Wu et al., 2009).  Primer sequences used 
to detect SFK mRNA have been described (Meyn et al., 2005). 
 
Engulfment assays  
DRG co-cultures and engulfment of apoptotic neuron assays were performed as described by 
Wu et al (2009), except cells were cultured in the presence of NGF for four days before NGF 
withdrawal. In brief, DRG from E13.5 CD1 mouse embryos were dissociated and 50,000 cells 
plated onto a glass, collagen coated coverslip in 1:1 Ultraculture (BioWhittaker): Neural Basal 
medium (Invitrogen), with 3% fetal bovine serum and N2 and B27 supplements plus 50 ng/ml 
NGF. The cells were transfected using Effectene (Qiagen) and the transfected cells were 
detected using anti-GFP (1:500, Abcam) or anti-myc-tag (1:1000, 9B11, Cell Signaling) and anti-
mouse labeled with Alexa 488 (1:400). The nuclei were detected using TOPRO-3 (Life 
Technologies). Photomicrographs of z-stacks were taken using a Zeiss LSM 510 inverted confocal 
microscope (Cell Imaging Shared Resource at Vanderbilt University Medical Center) and at least 
50 cells were analyzed for each experiment. Any cell with an internalized TOPRO positive signal, 
other than its own nucleus, was counted as having phagocytosed an apoptotic body.  
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For the microsphere engulfment assay, 300,000 HeLa cells were plated on 35 mm tissue culture 
plates in DMEM 10% FBS.  The following day, cells were transfected with the indicated plasmids 
using Lipofectamine 2000 (Invitrogen).  After 24 hours, 50,000 of these cells were plated per 
well on collagen coated 8-well chamber slides.  The next day, 2 m carboxylate-modified 
fluorescent microsphere beads (F-8826, Invitrogen) in PBS with 1 mg/ml BSA were incubated 
with the cells at 37 C for two hours then the unbound microspheres were removed by PBS 
rinses and the cells fixed in 10% Formalin.  The cells were then immunostained, and imaged with 
Zeiss LSM 510 inverted confocal microscope.  The percentage of transfected cells that had 
engulfed one or more microspheres was determined for each condition.   
To inhibit Syk, 1 M of the Syk Inhibitor IV, BAY 61-3606 (Santa Cruz) was used and to inhibit Src 
Family Kinases, 1 M PP2 (Calbiochem) was added to the cells.  In the microsphere engulfment 
assay depicted in Figure 4.4, the inhibitor was added to the cell culture media 1 hour before 
adding microspheres; these assays were performed in 24 well plates with cells plated on 
collagen coated glass coverslips.  For engulfment assays with DRG co-cultures, inhibitors were 
added 24 hours after transfection and NGF withdrawal, and the co-cultures were fixed 24 hours 
later.  
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Results 
Jedi-1 and MEGF10 are phosphorylated by Src Family Kinases 
The binding of Syk family kinases to ITAMs is typically through the SH2 domain of the kinase 
interacting with the ITAM tyrosines, which are phosphorylated by SFKs in response to activation 
of immune receptors such as the B- and T-cell receptors (Geahlen, 2009; Love and Hayes, 2010). 
In addition, some evidence suggests Syk tyrosine kinases themselves may also play a role in 
phosphorylation of ITAMs (Latour et al., 1997; Zoller et al., 1997). To determine whether Syk can 
phosphorylate Jedi-1, HEK293 cells stably expressing Jedi-GFP were transfected with Syk. There 
was no apparent increase in tyrosine phosphorylation of Jedi-1 when co-expressed with Syk 
(Figure4.1A). Therefore, we searched for SFKs that could phosphorylate Jedi-1 and/or MEGF10 
by determining which members of the kinase family are expressed in glia of E13.5 mouse DRG, 
during the peak time of neuron death in development.  RT-PCR of cultured E13.5 glial precursors 
revealed expression of 4 SFKs: Src, Fyn, Lyn, and Yes (data not shown).  Unlike Syk, when SFKs 
(Fyn, Lck, Lyn, Src, or Yes) were expressed in HEK293 cells with Jedi-GFP, there was an increase 
in Jedi-1 tyrosine phosphorylation (Figure 4.1B and C).  When Fyn, Lck, Lyn, or Src, but not Yes, 
were expressed with MEGF10, there was also an increase in tyrosine phosphorylation (Figure 
4.1B and D).  
To determine if SFKs exhibit selectivity for the ITAM tyrosines in Jedi-1, the kinase Fyn was co-
expressed with Jedi-GFP or the ITAM mutants shown in Figure 3.1C. Interestingly, mutation of 
the tyrosines in either ITAM dramatically reduced the phosphorylation of Jedi-1 and no 
phospho-tyrosine was detected if all 4 residues were mutated, suggesting that both ITAMs are 
essential for maximum phosphorylation of Jedi-1 (Figure 4.1C). The requirement for both ITAMs 
for maximal phosphorylation of Jedi-1 is in agreement with the results in Figure 3.2, that both 
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ITAMs are required for maximal Syk association. Similarly, mutation of the first ITAM tyrosine of 
MEGF10 prevented phosphorylation of MEGF10 by Fyn (Figure 4.1D). 
 
SFKs increase Syk association with Jedi-1 
To investigate whether phosphorylation of Jedi-1 or MEGF10 by SFKs enhanced the association 
with Syk, HEK293 cells expressing Jedi-GFP or MEGF10 were transfected with Syk and Fyn, Lck, 
Lyn, Src, or Yes. In the cells transfected with Jedi and Fyn, Lck, Lyn, or Yes, there was an increase 
in the co-IP of Syk with Jedi-1, but Src transfection did not have an effect (Figure 4.2A). When 
the cells were transfected with MEGF10 and Fyn, Lck, or Lyn, there was more co-IP of Syk with 
MEGF10, but Src and Yes had no effect (Figure 4.2B). These results suggest that phosphorylation 
of Jedi-1 or MEGF10 by Fyn, Lck, or Lyn increases Syk binding, but Src does not. Interestingly, Yes 
phosphorlylated Jedi-1 and increased Syk binding, but did not phosphorylate MEGF10 or 
increase Syk binding, indicating the potential for some differential signaling capabilities between 
these two receptors.  
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Figure 4.1 Some SFKs phosphorylate Jedi-1 and MEGF10 at ITAM tyrosines. A, HEK293 cells 
stably expressing Jedi-GFP were untransfected or transfected with Syk-myc.  Jedi-GFP 
immunoprecipitates were immunoblotted with anti-phosphoTyrosine, anti-GFP and anti-myc. B, 
HEK293 cells were transfected with Jedi-GFP or MEGF10-GFP and Lck, Lyn, Src, and Yes.  Jedi-
GFP or MEGF10-GFP were immunoprecipitated with anti-GFP and immunoblotted with anti-
phophoTyrosine. C and D, HEK293 cells expressing WT or mutant Jedi-GFP, or WT or mutant 
MEGF10-GFP, were transfected with Fyn. Jedi-GFP or MEGF10-GFP was immunoprecipitated 
and the precipitates were immunoblotted with anti-phosphoTyrosine and anti-GFP.  
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Figure 4.2 Some SFKs increase Syk binding to Jedi-1 and MEGF10. HEK293 cells stably 
expressing Jedi-GFP (A) or MEGF10-GFP (B) were transfected with Syk-myc and Fyn, Lck, Lyn, 
Src, or Yes. Jedi-GFP or MEGF10-GFP was immunoprecipitated with anti-GFP and the 
precipitates were immunoblotted with anti-phosphoTyrosine, anti-GFP and anti-myc. 
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SFKs are essential for Jedi-1 and MEGF10 mediated engulfment 
We previously revealed that Syk is involved in engulfment of apoptotic neurons (Figure 3.5), so 
we wanted to determine the importance of SFKs in this engulfment by glial cells, since SFKs 
increased Syk binding to Jedi-1 and MEGF10 (Figure 4.2). GFP or Fyn was transfected into glia in 
DRG co-cultures, neuronal apoptosis was induced by NGF withdrawal and the percent of 
transfected glia engulfing at least one apoptotic body was quantified (Figure 4.3A). Fyn over 
expression significantly increased engulfment compared to the GFP control cells (p=0.0053, 
n=3). In contrast, addition of PP2, which inhibits all SFKs, to the co-cultures resulted in a 
significant reduction in engulfment (Figure 4.3B) (p=0.0083, n=3). These data support the 
involvement of SFKs in the engulfment of apoptotic neurons by glial precursors, which is a Jedi-1 
and MEGF10 dependent process (Wu et al., 2009). 
We also investigated whether SFKs were required for engulfment of microspheres mediated by 
Jedi-1 or MEGF10. Treatment of HeLa cells expressing Jedi-1 or MEGF10 with the SFK inhibitor 
PP2 significantly reduced the engulfment of microspheres (p=0.016; n=5; p=0.024, n=3, 
respectively), consistent with a role for these kinases in Jedi-1 and MEGF10 signaling (Figure 
4.4).   
Taken together, the data suggest a model of Jedi-1 and MEGF10 signaling where the binding of 
apoptotic neurons to Jedi-1 and MEGF10 induces phosphorylation of ITAM tyrosines by SFKs, 
which promotes Syk binding to each receptor independently, leading to engulfment of apoptotic 
neurons (Figure 4.5).  
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Figure 4.3 SFKs are involved in Jedi-mediated engulfment of neurons. A, Co-cultures of DRG 
neurons and glial precursors were transfected with GFP alone or GFP and Fyn or ,B, with GFP 
and treated for 24 hr with DMSO or 1 M PP2.  The cultures were imaged by confocal 
microscopy and the percentage of transfected glia that had engulfed an apoptotic fragment was 
quantified (*, p<0.01, n=3).  
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Figure 4.4 SFKs are required for Jedi-1 or MEGF10-mediated engulfment. HeLa cells were 
transfected with (A) GFP or Jedi-GFP, or (B) MEGF10-GFP, and after 48 hrs, 1 M PP2 was added 
to the HeLa cells 1 hr before addition of microspheres for 2 hr. Cells were rinsed, fixed, and 
engulfment of microspheres was detected by confocal microscopy and quantified. PP2 
significantly decreased the engulfment mediated by Jedi (p=0.016, n=5) or MEGF10 (p=0.024, 
n=3). 
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Figure 4.5 Jedi-1 and MEGF10 independently signal engulfment via SFKs and Syk. When Jedi-1 
and MEGF10 are stimulated by apoptotic cells, the SFKs Fyn, Lck, Lyn, and Yes phosphorylate the 
ITAM tyrosines of Jedi-1, and Fyn, Lck, and Lyn phosphorylate the ITAM tyrosines of MEGF10, 
resulting in increased Syk interaction. Src can phosphorylate the ITAM tyrosines of Jedi-1 and 
MEGF10, but it does not increase Syk binding. The stoichiometry of Syk binding to the receptors 
is not known, but mutation of a single ITAM tyrosine markedly reduced the interaction.  Syk 
association with Jedi-1 and MEGF10 leads to engulfment of apoptotic neurons by glial cells. 
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Discussion 
Jedi-1 and MEGF10 are two engulfment receptors expressed in SGCs, where they are important 
for the clearance of apoptotic neurons in the developing DRG. These receptors recognize eat-me 
signals on apoptotic neurons, and promote phagocytosis through previously unknown 
mechanisms. Here, we revealed that the signaling mechanisms of Jedi-1 and MEGF10 are 
seemingly identical to an established pathway in mammalian immune receptors, as well as the 
engulfment receptor Draper in Drosophila neuron engulfment. 
In Chapter III, I demonstrated that Syk can interact with Jedi-1 and MEGF10. These interactions 
are conserved from Drosophila, where it is known that Draper binds to Shark, the homolog of 
Syk (Ziegenfuss et al., 2008). Freeman and colleagues reported that this interaction is facilitated 
by Src42A phosphorylation of Draper’s ITAM. Similar to Shark binding to Draper, in this chapter I 
demonstrate that the interaction between Syk and Jedi-1 or MEGF10 was enhanced when the 
ITAMs were phosphorylated by overexpressing SFKs, specifically Fyn, Lyn or Lck. Although SFKs 
are typically thought to directly phosphorylate ITAM tyrosines, it is possible that SFKs are 
indirectly leading to phosphorylation of Jedi and MEGF10 ITAMs; this possibility has yet to be 
tested. 
Although very little is known about Jedi-1 signaling, human Jedi-1 (also called PEAR1) was 
identified in a screen for proteins that are phosphorylated upon platelet activation. The 
phosphorylation of PEAR1 was on the first tyrosine in the first ITAM (mouse Y923) and could be 
blocked by an inhibitor of 2b 3 integrin (Nanda et al., 2005). Integrins have been reported to 
mediate engulfment (Akakura et al., 2004; Hanayama et al., 2002; Hsu and Wu, 2010) and SFKs 
are well established downstream signals from these receptors (Abram and Lowell, 2007). Hence, 
one could speculate that integrins may cooperate with Jedi-1 and MEGF10 to activate 
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phagocytosis by stimulating SFKs, which phosphorylate the ITAMs of Jedi-1 and MEGF10, 
allowing for recruitment of Syk. Kauskot et al. recently reported that platelet activation induced 
an interaction between PEAR1 and Fyn or Src, but not Syk (Kauskot et al., 2012), suggesting that 
SFK phosphorylation of the receptor is not sufficient to trigger engulfment and that binding to a 
ligand on an apoptotic cell is required for PEAR1/Jedi-1 to be fully capable of initiating the 
phagocytic process.  
Syk binding to ITAMs in immune receptors, such as the B-cell receptor, is known to be enhanced 
by SFK phosphorylation (Underhill and Goodridge, 2007); however, the mechanisms by which 
the receptors activate SFKs, resulting in phosphorylation of their ITAMs are poorly understood. 
Recent studies of the T-cell receptor, which involves 10 ITAMs in the full complex, revealed that 
the key tyrosines of the ITAM on the CD3  subunit are normally sequestered in the lipid bilayer 
due to membrane proximal basic residues. Upon ligand engagement, the receptor complex 
forms resulting in the CD3  ITAM shifting away from the membrane and becoming available for 
SFK phosphorylation (Xu et al., 2008). Whether such translocation occurs for the ITAMs in Jedi-1 
or MEGF10 remains to be determined.  
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CHAPTER IV 
 
CONCLUSIONS AND FUTURE DIRECTIONS 
 
Clearing the apoptotic cells that are generated during normal development is essential to 
prevent secondary necrosis and the breakdown of the cell membrane, which results in the 
release of intracellular contents that can be toxic or immunogenic. Although the effects of 
inhibiting the removal of cell corpses specifically in the nervous system has not been studied, 
there is strong evidence that broadly suppressing the proper clearance of apoptotic cells in mice 
leads to the development of autoimmunity (Elliott and Ravichandran, 2010). Furthermore, 
defects in the phagocytic ability of macrophages have been linked to autoimmune disease in 
humans (Hodge et al., 2003; Ren et al., 2003). Interestingly, many patients with autoimmune 
disorders exhibit neurological symptoms; for example, approximately 25% of patients with 
Sjogren’s syndrome, a systemic autoimmune disease, present with sensory neuropathy (Sene et 
al., 2011). The neuropathy associated with these disorders suggests that, at least in some cases, 
the failure to clear neurons may contribute to the disease etiology.   
Unfortunately, very little is known about how the neuronal corpses are normally eliminated, 
particularly in the PNS. We recently demonstrated that SGC precursors in the developing DRG 
are the primary cell type responsible for engulfing and eliminating the dead neurons (Wu et al., 
2009). Even when neuronal apoptosis was increased 2-3 fold by deletion of neurotrophin-3, 
these glia were responsible for clearing the debris and very few “professional” phagocytes, such 
as macrophages were involved. The role of amateur phagocytes in the nervous system has 
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gained increased attention in the last few years. In addition to microglia, the professional 
phagocytes in the brain, astrocytes can also ingest damaged neurons (Magnus et al., 2002; Park 
et al., 2007). In the PNS, Schwann cells are involved in pruning synapses during development 
(Bishop et al., 2004), and after nerve injury they assist macrophages clearing the debris 
(Fernandez-Valle et al., 1995). In Drosophila, glia are the primary cell type responsible for 
removing neuronal corpses during development (Awasaki and Ito, 2004; Watts et al., 2004) and 
after injury (Aldskogius and Kozlova, 1998).  
Our work not only established SGC precursors as the primary engulfing cell type in developing 
DRG, but we also identified both the novel protein Jedi-1 and the engulfment receptor MEGF10 
as important for this process. We found that over expression of Jedi-1 or MEGF10 in SGC 
precursors increased engulfment of apoptotic neurons, and knock-down of endogenous Jedi-1 
or MEGF10 decreased engulfment. However, expression of truncated Jedi-1 or MEGF10 that 
lacked ICDs, did not increase engulfment (Wu et al., 2009). The ICDs of both proteins contain 
common motifs that are important for signal transduction in homologous engulfment proteins. 
Therefore, we hypothesized that Jedi-1 and MEGF10 are signaling for engulfment via one or 
more of these intracellular motifs. 
My thesis work identified two of the motifs as ITAMs, which are well characterized signaling 
motifs present on many immune receptors. Both Jedi-1 and MEGF10 have two ITAMs, and I 
determined that both of these were in fact required for engulfment. Specifically, the ITAMs are 
activated by SFK phosphorylation and interact with the non-receptor tyrosine kinase Syk. Syk 
not only bound, but also became active when Jedi-1 was stimulated with apoptotic cells. What 
Syk is doing once it binds Jedi-1 or MEGF10 and becomes active is currently unknown, but it is 
known that Syk can interact with proteins that regulate phagocytosis. As mentioned in Chapter 
77 
 
II, Syk binds ITAMs on a number of phagocytic receptors (Mocsai et al., 2010) and promotes 
phagocytosis via activation of phospholipase C  and the Rac guanine nucleotide exchange factor 
Vav, which modulate actin dynamics (Mocsai et al., 2010; Tohyama and Yamamura, 2009). Thus, 
it is possible that the Syk interaction with Jedi-1 and MEGF10 leads to activation of PLC  and 
Vav, thereby altering the cytoskeleton and inducing engulfment.  
Although my data support a model in which Syk binds Jedi-1, I was unable to detect this 
interaction with endogenous levels of protein. One possible explanation for this is that only a 
small portion of SGC precursors in the DRG are actively engulfing, and our antibodies may be too 
weak to detect an interaction by co-IP. To get a better Jedi-1 antibody, I worked with the 
Vanderbilt Antibody and Protein Resource Core. I tested hundreds of clones, and finally chose 
the monoclonal antibody that most strongly detects endogenous Jedi-1 by western blot, and can 
also IP endogenous Jedi-1. Although I had optimized the IP conditions of Jedi-1, I found that the 
commercially available antibodies to mouse Syk were too weak and non-specific to detect an 
interaction. However, an antibody that detects human Syk works very well for western blots, so 
I attempted to find a human cell line that expresses both Jedi-1 and Syk. Unfortunately, cell lines 
of human monocytes (THP-1), neuroblastoma (SY5Y), glioblastoma (U87), and Schwannoma cells 
(26T), express either Jedi-1 or Syk, so I was unable to attempt a co-IP of Jedi-1 and Syk in human 
cells.    
Even if the antibodies for endogenous Jedi-1 and mouse Syk worked well, it may still be difficult 
to detect a co-IP if their interaction is transient in DRG. In activated B cells, the majority of active 
Syk is found in the cytoplasm. This is the result of Syk phosphorylation at Y130, which leads to 
the activation of Syk and the dissociation from the B-Cell Receptor ITAM (Keshvara et al., 1997; 
Zhang et al., 2008). Therefore, once Syk binds to Jedi-1 or MEGF10 and becomes active, it may 
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rapidly dissociate from the receptor. This transient interaction could be another reason why a 
co-IP with endogenous levels of protein has proved difficult without cross-linking.  
In addition to the intracellular ITAM motifs, Jedi-1 and MEGF10 also contain NPxY motifs, 
common targets for PTB domain-containing proteins. These NPxY motifs are conserved in the 
homologs Draper and Ced-1, where they are important for binding the adapter protein Ced-6, 
also called Gulp in mammals. Although it is not clear what Ced-6/Gulp is doing, the interaction is 
important for engulfment. There is evidence that MEGF10 interacts with Gulp (Hamon et al., 
2006; Suzuki and Nakayama, 2007b), and our lab used co-IP to determine that Gulp can bind 
Jedi-1, and the NPxY motif was required for this interaction. Further studies are needed to 
understand why Gulp binding is important for engulfment. It was recently discovered that Gulp 
regulates a GTPase, Arf6 (Ma et al., 2007), so one hypothesis is that Jedi-1 and MEGF10 are 
binding Gulp to regulate Arf family GTPases, which are known regulators of phagocytosis 
(Beemiller et al., 2006; Niedergang et al., 2003; Zhang et al., 1998).   
My work focused on the intracellular signaling of Jedi-1 and MEGF10, but their ligands 
expressed by dead neurons remain to be identified; however, we can speculate that it likely 
involves phosphatidylserine (PS), a well established “eat me” signal. Jedi-1 and MEGF10 are 
homologous to Ced-1, which has been suggested to recognize this phospholipid (Venegas and 
Zhou, 2007), and when Jedi-1 lacking the intracellular domain was expressed in C. elegans, it 
accumulated around apoptotic cells and prevented their engulfment (Wu et al., 2009), 
suggesting that the extracellular domain of Jedi-1 recognized the nematode engulfment ligand, 
which is PS for Ced-1 (Venegas and Zhou, 2007; Wang et al., 2010). In addition, we found that 
Jedi-1 and MEGF10 mediated the binding of apoptotic CHO cells (Wu et al., 2009), as well as 
engulfment of carboxylated microspheres (Figures 3.2 and 3.3), which are covered in negative 
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charges thereby mimicking PS. However, Jedi-1 and MEGF10 are also homologous to Draper, the 
Drosophila engulfment receptor, which does not depend on PS (Manaka et al., 2004) but it may 
recognize Pretaporter, a protein usually found in the endoplasmic reticulum (Kuraishi et al., 
2009). It will be interesting to determine how Jedi-1 and MEGF10 recognizes apoptotic neurons 
in future studies. 
During the recognition of pathogens, immune receptors come in close proximity to one another 
and form dimers, or multimers. We have never tested whether this occurs for Jedi-1 or MEGF10 
during recognition of apoptotic cells, nor have we thoroughly studied a possible interaction 
between Jedi-1 and MEGF10. Our engulfment assays suggest that these receptors can act 
independently (Figure 3.3), so one might not expect an interaction between them; however, I 
performed a single co-IP experiment with overexpressed Jedi-flag and MEGF10-GFP in HEK293 
cells, and I detected an interaction. This datum has to be repeated, as well as further analyzed 
during engulfment and in vivo. Interactions between engulfment receptors are not uncommon. 
For example, Draper interacts with membrane-bound protein Six-microns-under (Simu) that also 
contains extracellular EGF-like repeats and an EMI motif. Simu’s EMI motif binds an unknown 
ligand on apoptotic cells, but it is thought to be a tethering receptor, because it has a short ICD 
that lacks signaling motifs. Although it is not clearly understood, Simu appears to be upstream of 
Draper, where Simu is important for apoptotic cell recognition and contact, and Draper is 
important for engulfment and degradation (Kurant et al., 2008). Perhaps Jedi-1 and MEGF10 are 
also working together, even though they are also able to function independently, although their 
pathways may converge on a limiting molecule, preventing an additive effect on engulfment 
during co-overexpression. An interaction between these receptors may be important for 
clustering receptors at the engulfment synapse to allow for maximal signaling.  
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Possible homotypic or heterotypic interactions of Jedi-1 and MEGF10 are most interesting when 
considering interactions between cells. I have detected Jedi-1 and MEGF10 mRNA in both glia 
and neurons in developing DRG (Figure 2.2), but we do not know what these receptors are doing 
in the neurons. A recent study in the retina found that homotypic interactions of MEGF10 were 
necessary for the spacing and patterning of different subtypes of retinal interneurons (Kay et al., 
2012). In these cells, MEGF10 was acting as both a ligand and receptor, forming a repulsion 
signal to prevent interneurons from being spaced too closely together. It may not be surprising 
that MEGF10 can interact across extracellular space, as it has a large ECD that contain protein-
protein interaction motifs: EMI and multiple EGF-like repeats. In the DRG, multiple SGCs form an 
envelope around each sensory neuron body; although this formation may not seem as critical as 
neuronal spacing in the retina, it would be interesting to explore the importance of the 
envelope formation, as well as the involvement of MEGF10 and Jedi-1 this process. Homotypic 
interactions of these receptors could also be important for “zippering” the engulfment synapse 
between SGC precursors and apoptotic cells, as well as creating the relatively small extracellular 
space between healthy neurons and SGCs (Hanani, 2005). 
Once Jedi-1 and MEGF10 signaling pathways and ligands are elucidated, we will have a better 
understanding of how SGC precursors clear apoptotic neurons during development, but we do 
not know if SGCs are involved in clearance after injury in adult. After sciatic nerve injury in rats, 
during sensory neuron death, the SGCs proliferate and become stellate (Fenzi et al., 2001; 
Gehrmann et al., 1991), but their engulfing ability has never been studied in these assays. I tried 
to determine if the expression of Jedi-1 and MEGF10 are altered in nerves and DRG after sciatic 
nerve injury in mouse pups, but the results were inconclusive due to poor antibodies. Now that 
we have antibodies that detect endogenous Jedi-1 and MEGF10, it would be interesting to 
repeat these experiments and also study how the knock-out of Jedi-1 and MEGF10 affects 
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clearance after injury.  Although our studies focused on SGC precursors in DRG, we have 
preliminary evidence that Jedi-1 and MEGF10 are expressed by Schwann cells, and it would not 
be surprising if these engulfment receptors are involved in clearance of debris in degenerating 
nerves. 
Although my efforts have focused exclusively on the PNS, both Jedi-1 and MEGF10 are 
expressed in whole brain and spinal cord (Hamon et al., 2006; Krivtsov et al., 2007; Wu et al., 
2009). I have data suggesting Jedi-1 is expressed in primary cultures of microglia from rat pups, 
but I have not tested for MEGF10 expression. The finding the microglia express Jedi-1 indicates 
that Jedi-1 may be an important engulfment receptor throughout the nervous system. In 
addition, it is known that MEGF10 is expressed in astrocytes (Cahoy et al., 2008) that have 
phagocytic ability (Loov et al., 2012). It would be interesting to determine if Jedi-1 and MEGF10 
are involved in clearance of apoptotic cells during development, as well as during neurogenesis 
in adult brain, where amateur phagocytes are responsible for clearing apoptotic neurons (Lu et 
al., 2011).   
The involvement of Jedi-1 and MEGF10 in engulfment may not be limited to amateur 
phagocytosis. In Drosophila, Draper is not only involved in the amateur phagocytosis by glia, but 
it also functions for engulfment by macrophages (Awasaki et al., 2006; Manaka et al., 2004). 
Currently, the functions of Jedi-1 and MEGF10 have never been studied in professional 
phagocytosis, but one study found the presence of MEGF10 transcripts in macrophage cell lines 
(Hamon et al., 2006). Although I was unable to detect Jedi-1 or MEGF10 in macrophages, it is 
possible that these receptors are expressed in macrophages when stimulated with a come-eat-
me signal, which would not be surprising, as phagocytic glia upregulate Draper in response to 
injured axons (MacDonald et al., 2006). Future studies may reveal a role for Jedi-1 and MEGF10 
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in professional phagocytes, and if so, it would be interesting to determine how their signaling 
pathways fit in with the established phagocytic receptors.  
As discussed in Chapter I, there are many engulfment receptors involved in the recognition and 
degradation of apoptotic cells. Some of these are expressed in the same cells, while others have 
very different expression patterns. Further studies are needed to determine which receptors are 
required for professional phagocytosis, amateur phagocytosis, or both. Although new 
engulfment receptors are still being discovered, it remains a mystery why so many exist, 
especially when they have seemingly redundant functions. Although this is a popular question in 
the engulfment field, it is still unanswered. One line of thought considers the complexity of 
engulfment, with each receptor doing something slightly different. For example, some receptors 
tether the engulfment synapse together, some recognize eat-me signals, while others trigger 
various signaling cascades. In the case of the SGC precursors, Jedi-1 activation may lead to 
cytoskeletal changes needed to wrap around a target, which may explain the elongated 
morphology of Jedi-1 transfected SGC precursors (Wu et al., 2009). In contrast, MEGF10 
activation may increase endocytosis of targets, as overexpression causes an increase in vacuoles 
(Wu et al., 2009). However, both receptors have parallel signaling pathways that converge on 
Syk, suggesting that they have at least some overlap in signaling. In my studies, the only 
difference between the receptors was that over-expressed Yes could phosphorylate Jedi-1 and 
increase Syk binding, but it had no effect on MEGF10. Further studies are required to determine 
if this difference occurs in vivo, and what that means for the downstream pathways of Jedi-1 
and MEGF10.   
One of the most interesting aspects of the engulfment field is the link to autoimmunity, which is 
thought to develop when cell corpses are not properly cleared. Our lab has obtained a Jedi-1 
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knock-out mouse that is currently being tested for persistent cell corpses and autoimmune 
phenotypes; although preliminary evidence suggests there is normal spleen size, there appears 
to be an increase in auto-antibodies. We have also recently obtained the MEGF10 knock-out 
mouse to analyze for autoimmune phenotypes. It will be interesting to determine if each mouse 
will develop autoimmunity; with the possible redundant functions of the receptors, it may be 
necessary to make a double knock-out before a phenotype is present.  
Systemic lupus erythematosus (SLE) is an autoimmune disorder that affects many different parts 
of the body, including the peripheral nervous system in some patients (Honczarenko et al., 
2008). SLE is a very complex disease, and heredity plays at least some part in the development 
of the disease. Genetic screens have attempted to locate SLE susceptibility genes, and several 
chromosomal regions were identified, including chromosome 1q22-24 (Olson et al., 2002; Shai 
et al., 1999). The gene encoding Jedi-1 is located in this region at 1q23.1, but the genes for FcγRs 
are also at 1q23. Although several polymorphisms in the FcγRs have been linked to SLE 
susceptibility (Pradhan et al., 2008), it would still be interesting to screen for polymorphisms in 
the Jedi-1 gene to determine if Jedi-1 is an SLE susceptibility gene.    
Although much work is still required to fully understand the signaling mechanisms of Jedi-1 and 
MEGF10, my studies identified SFKs and Syk as having important interactions with the receptors’ 
ITAMs during engulfment of apoptotic neurons. Not only did this work establish that Draper-
mediated signaling is conserved in the mammalian nervous system, but it also provided an 
example for ITAM signaling in amateur phagocytosis. Hopefully, my studies can be built upon to 
better understand engulfment of apoptotic neurons in the PNS, as well as further address the 
potential links to human pathology. 
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